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ABSTRACT 
Natural background radiation contributes major part of 
the total radiation exposure to man. A fact that many 
technological endeavours enhance the radiation exposure, has 
evoked a strong social concern over the detrimental effects 
of radiation and its uses. Of all the natural radionuclides 
the highest contributor to the annual average radiation 
exposure is radon and its progeny. The carcinogenic effects 
due to the prolonged Inhalation of radon progeny has been 
well established by several epidemiological studies. Uranium 
being the parent element of the decay series in which radon 
is a member plays an important role in radiological point of 
view. It is the heaviest radiotoxic trace element present in 
almost all crustal materials. 
In the present study various aspects related Lo radon 
and the concentrations of uranium have been investigated in 
different materials of importance. Solid State Nuclear Track 
Detectors (SSNTDs) have been widely used for the passive 
integrated radon measurements and microanalysis of uranum in 
various materials. These dielectric detectors have 
outstanding properties to be used in environmental radon 
monitoring and micromapping of fissionable elements. The 
study includes the investigations in the normal and high 
background areas alongwith the regions of possible 
technological enhancement of natural levels in India. The 
thesis has been ramified into five chapters and has contents 
briefly outlined below. 
Chapter I of the thesis is a general introduction to 
the environmental radioactivity, various sources of its 
technological enhancements, occurrence of uranium and radon 
and the probable health hazards due to these radionuclides. 
Environmental radioactivity has components from terrestrial 
as well as extraterrestrial sources. Natural radiation 
exposure increases due to the human interference with 
nature. Exploitation of fossil fuels, nuclear energy 
production, geothermal energy production, and use of 
earthern materials containing radionuclides in industry etc. 
cause the modification of natural background radiation. 
Uranium is a fairly ubiquitous trace element found in 
a dispersed state in crustal materials. It has widespread 
occurrence throughout earth's crust than other toxic 
elements like Sb, Cd, Bi and Hg. Its concentration veries 
significantly from rock to rock. The redistribution of 
uranium occurs mainly through water by its leaching action 
from bed-rocks. Radon is a radioactive inert gas with a 
fairly long half-life present in the uranium decay series. 
It migrates from the sub-soil to the indoor and outdoor 
atmosphere. Building materials, underground water and 
natural gas etc. can also be the potential sources of indoor 
radon. Indoor radon causes the build-vip of radon progeny 
depending on many factors. Carcinogenic implications of the 
intake of uranium and inhalation of radon progeny are of 
great improtance. Therefore, the investigations on uranium 
levels in various materials and the study of radon and its 
progeny are of great significance. 
Solid State Nuclear Track Detectors (commonly known as 
etched track detectors) owing to their simplicity, 
durability and specific nature of response to various 
radiations have grown to such an extent that there is hardly 
any branch of science where they do not have applications. 
The second chapter of the thesis discusses different types 
of track detectors and the relative merits of etched track 
detectors over them. The prime applications of the etched 
track detectors in nuclear physics, radiation dosimetry, 
geochronology and archaeology are briefly discussed. It also 
depicts various track formation mechanisms, track 
registration criteria and methodologies of track 
revealation and visualization. 
CR-3^ polycarbonate and LR-115 cellulose nitrate are 
the most popular track detectors used In radon dosimetry. 
CR-39 is capable of recording alpha particle tracks for a 
wide range of energy with ^reat homogeneity. It has been 
widely used In heavy Jon studies also. LR-115 cellulose 
nitrate films are mainly used for radon dosimetry and 
neutron radiography. LR-115 Type II films are sensitive to 
alpha particles of energy range 0.1 MeV to 4 MeV and are 
unaffected by electrons, x-rays, gamma rays and infra-red 
radiations. Since the detector is sensitive to only a 
specific range of energy it is free from the plate-out 
effects. 
Heavy ion detector Makrofol-KG used for the microanalysis 
of uranium is a polycarbonate with very high etching 
efficiency. It is insensitive to the thermal neutrons and 
free from any handling problems. All the detectors mentioned 
above are least sensitive to environmental effects. 
The third chapter of the thesis has been exclusively 
devoted for the calibration of the alpha sensitive CR-39 and 
LR-115 Type II detectors. The proper use of track detectors 
in different environments demands the calibration of the 
these detectors under the simulated conditions existing at 
the place where the measurements are to be made. 
Calibration experiments were carried out in a calibration 
chamber with controlled conditions to simulate the 
atmosphere. Precisely known radon and its progeny levels, 
aerosols of known size and concentration and atmospheric 
parameters like temperature, humidity etc. were also 
maintained in the experimental chamber. Dosimeters in 
various modes of exposure were calibrated. A number of latex 
membranes easily available in India were tested for their 
suitability to be used as thoron discriminators in 'radon 
only' devices. Three types of dosimeter cups suitable for 
the use in various environments were calibrated in the 'Cup 
with membrane' mode with semipermeable latex membranes. 
'Open cup' without any membrane at the mouth of the 
dosimeter cups were also calibrated. All dosimeter cup 
assemblies were calibrated againsc the radon activity 
_3 concentration expressed in Bq m . 'Bare' detectors were 
calibrated to relate the track production rate (Tracks 
- 2 - 1 
cm d ) with the Potential Alpha Energy Concentration 
(PAEC) expressed in Working Level (WL) units. The 
calibration experiment was spread over nine sets of 
experiments for a wide range of radon activity 
concentrations and WL. The results show a linear response 
with the track production rate and the radon/ its progeny 
levels. 
It is well established that the radon and its progeny 
pose a health hazard not only in underground mines but also 
to the general public as long term exposure to low levels 
of radon in dwellings may lead to carcinogenic effects. The 
fourth chapter of the thesis depicts the results of the 
study of various aspects and entities related to radon and 
its progeny. Indoor radon measurements have been done at 
Mangalore situated at the south-west coast of India, 
Kasimpur and Aligarh located in the state of Uttar Pradesh 
(U.P.) in north India. Mangalore is a developing industrial 
centre and its beaches are found to have relatively higher 
levels of radiation due to the presence of monazite patches 
in the soil. A big coa] fired thermal power plant at 
Kasimpur causes considerable atmospheric emissions of 
fly-ash containining enhanced levels of radionuclides which 
may modify the ambient radiation level. Aligarh has been 
treated as a normal background region. 
In addition to the indoor radon measurements 
investigations were also made in the coal fired power plant 
at Kasimpur for the radon levels. Seasonal fluctuations of 
indoor radon levels, radon exhalation rate measurements from 
building materials, effects of wall coverings on radon 
exhalation and soil air radon measurements are the other 
types of studies undertaken. Results of the Lndoor radon 
measurements have been presented as the PAEC levels In terms 
of WL units. The effective dose equivalents to the lun^ i 
tissues and the additional life time risk due to the 
inhalation of radon progeny have also been obtained. 
Investigations show that the vicinity of the coal fired 
power plant has higher levels of radon activity compared to 
other regions. In power plant radon concent'rati on was found 
to increase with height. Studies on seasonal variation 
indicate the inadequacy of short term measurements to obtain 
a reliable average value of radon concentration. The 
estimated equilibrium factor from the measurements was 0.45. 
Experiments on soil air radon show an exponential increment 
of radon concentration with depth. Long distant migration of 
radon was found to be the predominant component of radon in 
soil air. 
The last chapter of the thesis has ben devoted to the 
microanalysis of uranium. Intake of uranium can constitute a 
far greater health hazard as the internal tissues are 
irradiated continuously till the radioisotopes are 
eliminated out. Uranium present in the earth is transferred 
to water, plants, food supplements and then to human beings. 
Evaluation of occurrence and distribution of uranium may be 
useful in assessing the mobilization of the trace element to 
the ecosystem. 
Microanalysis of uranium has been done by the fission 
track registration technique using Makrofol-KG plastic track 
detectors. 'Dry' external detector method was employed for 
the analysis. Fifty water samples collected from different 
sources in the south-west coast, Kasimpur and Migarh have 
been analysed. Soil, building materials, coal and fly-ash 
were the solid phase materials analysed using external 
detector method. Thirty two soil samples from the Indian 
Antarctic Station 'Mi tree' were also analysed for uranium. 
Soil samples were collected from the south-west coast, 
Kasimpur and Aligarh. Building materials were collected from 
Aligarh. Coal samples had their origin from different 
collieries in India and fly-ash samples were collected from 
two thermal power plants situated in the state of U.P. 
Among the water samples, source-wise uranium was more 
abundant in sea water followed by well, river and tap water. 
No noticeable area-wise distribution of uranium was obtained 
in the case of soil samples. Industrial activities and coal 
fired power plants were found to enhance the uranium levels 
in soil in the adjoining areas. Analysis of coal and fly-ash 
was found to show a heterogeneous distribution of uranium in 
them. Fly-ash samples have enhanced levels of uranium as 
compared to coal. The low level of uranium in the soil 
samples from Antarctica may be due to the absence of human 
intervention with the lithosphere in the region. 
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CHAPTER I 
INTRODUCTION 
1.1 Environmental Radioactivity 
Radiation is a part of natural environment. Although 
discovered hardly a century ago, human beings have lived 
with it since the genesis. Natural background radiation has 
sources from outer space, the earth, the atmosphere and all 
our foods and drinks. Mankind is almost unware of the 
background radiation since it cannot be detected by the 
five senses. Radiations originating from the outer space 
(cosmic rays) are called extraterrestrial and those from the 
primordial radionuclides existing in the earth's crust are 
40 238 232 known as terrestrial. K, U and Th decay series are 
the sources of terrestrial radiation. These radiations 
Irradiate th<3 human body as well as other living beings and 
constitute the natural background radiation. It is 
interesting to note that we get a significant amount of 
radiation exposure from our own body, with dose coming from 
40 
K present in our soft tissues. In addition, we also have 
in our body small quantities of uranium, radium, carbon-14 
and tritium. 
The unmodified radiation exposure from natural sources 
is quite important, as it forms the main part of the entire 
coj1ecti ve dose to the popul a t i on. The characteristic of 
the background radiation is that all living beings are 
2 
exposed to it and the exposure is relatively constant for a 
long period of time. The exposure to natural radiation can 
be classified as external and internal exposure. The 
radiation that irradiates the human body from outside 
constitutes 'External exposure'. Cosmogenic and primordial 
radionuclides taken up into the body through the 
physiological pathways constitute 'Internal exposure'. The 
composition of the total radiation exposure to the 
population in India from various sources is depicted in 
figure 1.1 (Nuclear India, 1988). It is found that natural 
background radiation contributes major part of the total 
exposure, followed by medical and artificial sources. 
1.1.1. Exposure to comic rays 
For external exposure of man, cosmic radiations have a 
greater Ionizing component (about 0.30 mSv) and a 
comparatively lower (0.055 mSv) neutron component. The 
external exposure varies slightly with the geometric 
latitude and increases with the altitude above sea level. 
The internal exposure resulting from the cosmogenic 
radionuclides produced by the interaction of cosmic rays 
with atoms in the flt-mnaphprp pnn^r^ hut-Ps only v(»ry ) fj 
the dose from natural background. 
1.1.2. Exposure to terrestrial radiations 
The terrestrial component of the natural background 
radiations varies from place to place since it entirely 
3 
Phosthogypsum 3.2?o 
Fallout 0.6% 
Miscellaneous 0.25% 
Phosphate fertilizer 0.04% 
Coal fired stations 0.01% 
Radioactive dischar;>es 0 . 0 0 0 3 7 o 
Air travel 0 . 0 0 2 % 
Occupational exposure 0 . 0 0 6 % 
Figure 1.1 The composition of the total population exposure 
in India. 
4 
depends on the level of radionuclides contained in the soil 
and rocks. Several regions on the earth have been identified 
to have substantially high levels of external exposure. The 
average external exposure received by the population from 
the terrestrial component is 0.35 mSv per year. The major 
fraction of the internal dose received from terrestrial 
222 sources is due to the radioactive inert gas radon ( Rn) 
and its decay products in the ^^^U decay series. ^^K and 
232 
Th decay series contribute to a lesser extent. The annual 
internal exposure due to these radionuclides is estimated to 
be 1.34 mSv. Details of natural radiation exposure from 
cosmic as well as terrestrial sources in terms of the annual 
effective dose equivalent (mSv) are presented in the table 
1.1 (UNSCEAR, 1982). 
1.2 Technological Enhancement of Natural Background Radiation 
Natural background radiation to which all life on our 
planet is exposed has been modified in many ways by the 
technological and civilizing interventions of man. In a few 
cases technology reduces the natural radiation exposure as 
in the case of purification of drinking water which leads to 
the reduction of levels of radioactive elements like radium. 
Burning of fossil fuels is found to lower the specific 
14 
activity of C in the atmosphere. In general the natural 
radiation exposure increases due to the human interference 
with nature. This enhancement in natural radiation exposure 
5 
Table 1.1. Estimated per capita exposure from natural 
background radiation 
Source Annual effective dose equivalent(mSv) 
Internal External 
irradiation 
Total 
i rradi ation 
COSMIC RAYS 
- Ionizing component 
- Neutron component 
Cosmogenic Radionuclides 
PRIMORDIAL RADIONUCLIDES 
40, 
.280 
. 0 2 1 
87 
'K 
Rb 
.120 
.015 
.180 
.006 
.280 
.021 
.015 
.300 
.006 
238 U SERIES 
238, 
230 
226 
222 
210 
'U 
Th 
Ra 
Rn 
Pb 
234 U 
214 
210 
Po 
Po 
.090 
.010 
.007 
.007 
.800 
.130 
1.044 
232Th SERIES 
232. 
228 
220 
"Th 
Ra 
Rn 
224 
208 
Ra 
T1 
.140 
.003 
.013 
.170 
.326 
Total (rounded) .650 1.340 2 . 0 0 0 
includes contributions from exposures to natural sources of 
radiation which would not exist without technology and 
civilization. For example, the naturally occurring 
radioactive elements in coal buried deep in earth would not 
have any influence on the natural background radiation 
exposure to human beings without mining and burning of coal 
for energy production. Only through raining, burning and 
resulting emission of fly-ash the natural radionuclides 
contained in coal are distributed and can irradiate human 
beings. There are many modes of technological enhancement of 
natural background radiation exposure through human 
activities v:hich are of great scientific importance. 
1.2.1. Enhanced exposure to cosmic rays 
For a minority of the total population air and space 
travel can cause modified exposure from cosmic radiations. 
The radiation exposure for astronauts during space travel is 
significantly higher than that for airline passengers. The 
dose rates received by man during air travel depends on many 
factors like altitude of the flight, latitude and solar 
activity. It has been estimated that the absorbed dose rate 
for an air passenger at 20 Km altitude, averaged over for a 
wide range of latitude and solar activity is about 0.013 mSv 
per hour (0' Brien, 1975). Dose rates in supersonic 
aircrafts are about twice as high as in subsonic aircrafts. 
But the absorbed dose in a supersonic aircraft is only 70% 
than in subsonic aircraft due to the shorter flying time to 
cover a distance. Intense solar flares can significantly 
increase the absorbed dose rate for the air passengers. 
During space travel and staying in space astronauts-
receive the primary cosmic radiation of galactic origin, 
radiation from intense solar flares and the intense 
radiation in the two Van Allen radiation belts around the 
earth. In outer space away from the shielding effect of 
earth's magnetic field the dose rates due to the polar 
protons during solar eruptions can be high. 
1.2.2 Exposure due to energy production 
(a) Coal fired power plants 
Like most of the earthern materials coal contains 
trace amounts of naturally occurring radionuclides. Burning 
of coal in power station boilers results in the concentration 
of some 30-40 trace elements including radioactive nuclides 
in the mineral residue, in fly-ash and bottom ash (Dreeson, 
et al., 1977 ; Chatterjee and Pooley, 1977 ; Coles.., 1978; 
Swaine, 1978). Subsequent emission of the waste products to 
the atmosphere causes the redistribution of the 
radionuclides to modify ambient radiation levels. In many 
countries a good amount of power requirement is met by coal 
fired thermal power plants. In India about 65% of the total 
electricity is produced through the use of coal as a fuel 
(Mishra and Ramachandran, 1991). 
8 
Inhalation during the passage of the plume, external 
exposure and inhalation and ingestion from the radionuclides 
deposited on the ground are the three main pathways by which 
the population around the power plant is exposed. Isotopes 
of radium and thoium are the predominant components of the 
source of the collective effective dose equivalent 
commitment. It has been estimated that annual effective dose 
equivalent resulting from the use of coal per unit power 
(GW) production to be about 0.005 mSv (UNSCEAR, 1982). 
(b) Nuclear power production 
Nuclear fuel cycle Involves many steps with varying 
extent of radiological Impact on the environment. Though In 
the real power generation stage reactor operation provides 
relatively minor contribution, uranium mining and milling is 
an important contributor to the radiation dose Imparted to 
human beings. The main sources are radon and its daughter 
products from the tailings of the mills. Short lived 
radionuclides with limited mobility cause only regional 
concern. Radionuclides with long half-lives are dispersed 
globally to enhance the natural background radiation level. 
An estimate shows that the annual per capita dose from a 
unit (GW) nuclear electric energy production will be only 
0.001 mSv by the year 2000 (UNSCEAR, 1982). 
9 
(c) Geothermal energy production 
Many countries like Iceland, Italy, Japan, U.S.S.R., 
New Zealand and the United States produce geothermal energy, 
making use of hot stream of water or steam derived from the 
hot rocks deep in earth, Alongwith the geothermal fluids 
222 
considerable amount of radionuclides, especially Rn gas, 
is also discharged into the atmosphere posing a chance for 
modification of ambient radiation levels. It has been 
reported (Mastinu, 1980) from a study held in Italy that the 
atmospheric discharge of radon per unit energy (GW) was 
about 400 TBq, corresponding to a collective dose equivalent 
commitment of 6 man Sv (UNSCEAR, 1982). For a critical group 
living around the geothermal power plant the annual 
effective dose equivalent from the atmospheric discharge of 
220 
Rn would be about 0.03 mSv. Though this figure is large 
compared to the corresponding dose for an Individual 
residing near a coal fired thermal power plant (0,005 mSv) 
lower power production in the existing geothermal power 
plants make it insignificant. 
1.2.3. Exposure from Industry 
Solid, airborne and liquid effluents of many 
industries contain relevant radionuclides in varying 
concentrations. Fertilizer factories make use of phosphate 
rock containing trace amounts of ^^^Ra, ^^^Th and ^^K, 
10 
Industrial processing redistributes these redioactlve 
elements in the form of fertilizers, effluent discharges, 
by-products or waste materials utilized for other purposes. 
Fertilizers containing radionuclides may cause the 
uptake of activity deposited in soil. Industrial wastes used 
for contruction purposes may deliver high doses to the 
inhabitants of dwellings built with them. Pumice stone, 
alum-shale concrete, lithoid tuff, granite and uranium mill 
tailings are some of these building materials containing 
high concentrations of radioactive elements. In several 
countries fly-ash is used in a variety of applications such 
as manufacture of cement and bricks and road filings etc. 
Utilization of these industrial wastes leads to enhanced 
levels of radiation exposure. 
1.2.A. Radiation from consumer products and medicine 
Several consumer products of our daily use are 
incorporated with radiation emitting parts. Luminous 
timepieces, electronic and electrical devices, antistatic 
devices, smoke detectors and television sets etc. are some 
of them. Uranium used as a pigment in ceramic and glassware, 
thorium used in incandescent mantles and in optical devices 
like lenses pose principal hazards. ^^^Ra, ^'^^Pm and ^He 
used in watch dials, ^^^Pm and ^^^Th used in starters 
210 and trigger tubes, Po used in antistatic devices to reduce 
27 
O / "1 
the electric charge build-up, Am used In smoke detectors 
may contribute significantly to the radiation dose received 
by man. 
Radiation used for diagnostic and treatment purposes 
imparts high and uneven distribution of dose to human 
body. In developed countries the frequency of diagnostic 
examinations and radiotherapy is higher as compared to 
developing countries. In some industrialised countries, 
medical exposure contributes radiation doses as high as the 
dose received from natural sources. Nuclear medicines 
contribute relatively little exposure in comparison with 
x-ray diagnostics. 
1.3 Occurrence of Uranium 
Natural uranium is the heaviest and radiotoxic trace 
element present in almost all minerals, rocks, sand, water 
etc. The concentration of uranium in a few ores lies between 
40 and 607o while its average concentration in the earth's 
crust is estimated to be 4xl0'^ 7, (Bansal et al. , 1990). It 
consists of three different isotopes ^^^U and ^^^U in 
the proportion 99.28: 0.71: 0.005 by weight respectively 
(Hyde, 1964). ^^^U and ^^^U belong to the uranium decay 
o o c series (Fig. 1.2) while U is the first member of actinium 
238 
decay series. U, the parent element of uranium decay 
series has half-life of 4.5 x 10^ y (nearly the age of 
earth) and supports 13 main radioactive decay products and 
12 
oC 
230 
Th 
4 
(8 X 10 y) 
oc 
226 
Ra 
(1620 y) 
cc 
00 
f oC 
2 T Q 
Figure 1.2 Uranium ( U) radioactive decay series. 
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several collateral radionuclides. Although considered as a 
rare element, uranium has widespread occurrence throughout 
the earth's crust than other toxic elements like Sb, Cd, B1 
and Hg. Acidic rocks with a high silicate content such as 
granite have above average concentration of uranium, whereas 
the levels in basic rocks such as basalts are lower than 
average. Hovv-ever, 90% of the world's known uranium resources 
are conglomerates and sandstones (Kirk-Othmer, 1978). Marine 
black shales, phosphate rocks, liginites and coal contain 
significant quantities of uranium but not enough for 
economic recovery. Uranium is an Important constituent of 
about 155 minerals and a minor constituent in about 60 
minerals as an impurity. Uranium content in the accessible 
lithosphere has been found to be about 2.8 ppm (UNSCEAR, 
1966; UNSCEAR, 1972), but varies widely In different types 
of rocks.Uranium concentration within each type of rock also 
varies greatly, especially in black shales which can contain 
upto 250 ppm. Rock phosphate which is used extensively in 
fertilizer industry can have uranium level as high as 120ppm 
(Roessler, 1979). Average abundance of uranium in different 
type of rocks and sediments are given in table 1.2 (IAEA, 
1980). 
In the atmosphere, the main natural source of uranium 
has been assumed to be the resuspension of dust particles 
o 
from the earth. For a dust loading of about 50 |ag/m on the 
14 
surface of earth, and an activity concentration of 25 Bq/kg 
2 "J Q 
in soil the U activity concentration in the ground level 
air is estimated to be 1.2 mBq m . A measurement held in 
Munich (Germany) confirms the validity of this estimation 
(Jacobi, 1980) and the corresponding annual intake through 
inhalation is approximately 0.01 Bq. The widespread 
dispersal of radionuclides into the environment from natural 
or man made sources causing ecological changes may result in 
the alteration of uranium concentration. 
1.3.1.Uranium in water 
Underground water comes in contact with all the 
earthern materials which contain uranium. Uranium is 
transferred by its leaching action from bed-rocks, soils, 
and coal etc. It can also be transferred to water through 
mining and milling of uranium ore. Ground water is the main 
agent in the migration and redistribution of the uranium in 
earth's crust. Depending on the physical and chemical 
characteristics of water such as pH, temperature, redox 
potential, level of dissolved solvents and flow rate its 
capacity to dissolve and carry uranium to the surface 
varies. Alarmingly high concentrations of uranium have been 
detected in drilled wells and ground water in the countries 
like Finland, Sweden and United States (Aslkalnen, 1982). 
These high levels of uranium have been accounted to the 
granites and metamorphic pegmatites which hydrothermally 
introduced uranium. 
15 
Table 1.2 Average abundance of uranium in different types of 
rocks and sediments. 
Uranium 
Rocks and sediments 
Concentration Activity 
HS/g Bq/kg 
Mafic igneous rocks - basalts 
- gabbrop 
1.0 24.8 
Intermediate igneous rocks 
- diorites 2.0 49.6 
Acid igneous rocks 
- granodiorites 2.6 64.5 
- granites 4.7 116.5 
Sediments - normal shales 4.0 99.2 
- lime stone 2.0 49.6 
- black shales 8.0 198.3 
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The contamination of uranium in ground water is 
significant due to its chemical and radiotoxicity. The 
presence of high radioactive ground water can be an 
indication for the presence of uranium deposits in the 
surrounding bed-rock. Water being an essential and regular 
material of consumption, the toxicity from uranium is of 
238 
great importance. The annual dietary intake of U has been 
found to be about 5 Bq in the normal background areas 
(UNSCEAR, 1977). 
Radon and Its Progeny 
Radon was discovered by Ernest Dorn, a German chemist, 
who found that radium (^^^Ra) gave off a gas for which he 
coined the name 'radium emanation'. After one year 
Rutherford found that the emanation was due to the 
radioactive decay of radium. This gaseous 'emanation' was 
chemically isolated in 1908 and named as 'niton' from a 
Latin word 'nitere' which means 'to shine'.Only since 1923 
the name 'radon' has been used. Since its discovery, the 
medicinal use of radium and radon was widespread and was 
encouraged by medical profession. Upto 1935 this practice 
was continued though no scientific evidence for any benefit 
from intake of radium or radon gas was available. On the 
other hand, adverse effects due to their increased use began 
to appear. 
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9 9? 226 Radon ( Rn) produced by the decay of radium ( Ra) 
238 
in the uranium ( U) decay series is a radioactive inert 
gas (Fig. 1.2). It decays through alpha particle emission to 9 -1 Q polonium ( Po) and further through Isotopes of bismuth 
(^^Si), lead thaiium and decay chain 
906 
ends with stable lead ( Pb). Physical properties of radon 
are highlighted in the table 1.3 (UNSCEAR, 1982). 
1,4.1. Occurrence of radon 
238y^ ^^^ 235y ^^^ parent atoms of three 
naturally occurring radioactive series having abundance in 
the earth's crust.A .characteristic found in all the three 
series is that each has a radioactive gaseous member which 
O O Q 
is an isotope of radon. In uranium ( U) series it is radon 
99 9 9';9 990 r^'-Rn), in thorium (^"^^Th) series, thoron (^^^Rn) and in 
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actinium series the isotope is called actinon ( Rn). Being 
gases, these radionuclides can be easily transported to the 
atmosphere to constitute a major part of the environmental 
radioactivity. Of the three gaseous radionuclides radon Is 
the most important isotope due to its significant 
radiological impact on human health. Radon Is the longest 
lived {T-^  = ?.82 days) of the three gaseous radionuclides 238 
and can carry signals of U over a long distance. Actinon 
is of least Importance in the atmosphere because of its 
short half-life (3.92s) and relatively low activity (4.6% 
relative to radon). But thoron with a half-life of 55.6 s 
may contribute a significant fraction of activity in thorium 
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Table 1.3. Physical properties of radon 
Property Condition Value 
Volume 1 Bq of ^^^Rn at NTP 
Boiling point - " Gl-a'C 
Melting point - ~ 71°C 
Density NTP 9.96 Kg m'^ 
Vapour pressure -61.8°C 100 KPa 
-71°C 53 KPa 
Coefficient of solubility (At atmospheric 
in water pressure) 
at 0°C 0.507 
10°C 0.340 
20°C 0.250 
30°C 0.195 
50°C 0.138 
100°C 0.106 
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dominant regions. Because of its rapid decay, thoron is 
found only within a few meters of the earth's surface. 
Being an inert gas, radon is comparatively free to 
migrate than either its parents or progeny all of which are 
metals. In addition to the primary diffusion mechanism of 
radon gas through the soil air interface there are secondary 
sources like oceans, underground water, natural gas, 
geothermal fluids, volcanic gases and ventilated air from 
caves and mines (Turekian et al., 1979). The amount of radon 
release to the atmosphere primarily depends on the 
concentration of uranium in the ground and radium in soil. 
The estimated area weighted average radon emanation rate 
from soil excluding Antarctic and Green Ice cap regions is 
- 2 - 1 
16 mBq m s corresponding to a total global emanation of 
1.9 X Bq s"^ (Wilkening et al. , 1972). 
1.4.2 Indoor Radon and sources 
Indoor radon has its primary sources from walls, floor 
and ceilings which are constructed of building materials, 
rock, soil etc. Materials housed in the room, radon rich 
water or gas and inlet air etc. are the secondary sources of 
7 7 ft 
.indoor radon. Radium ( Ra) present in the uranium decay 
chain is the source of radon in all the above cases. 
Concentration of radium in the construction materials vary 
depending on their origin. Some building materials like 
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phosphogypsum, aerated concrete with alum shale and uranium 
mine tailings are known to be exceptionally radioactive. In 
recent years, there has been Increasing Interest in 
utilizing waste products such as fly-ash in place of 
natural products. But due to the relatively higher 
radioactive contents their use should be regulated. 
Subsoil emanation has been reported to be a 
significant source of indoor radon (O'Riordan, 1980). The 
significance is much higher if there are cracks in the base 
structure or floor which can act as entry points of subsoil 
air into the indoor space. Often direct ingress from soil 
dominates over other sources of indoor radon. Figure 1.3 
illustrates the various possible entry rates of radon from 
soil to the indoor atmosphere. The flux of radon from soil 
through the basement structure cannot be accounted solely by 
diffusion. Another mechanism of a pressure driven flow of 
soil air can be potential cause for the efficient passage of 
radon from underground. This Is based on the small pressure 
difference between the lower part of the house interior and 
the outdoors (Nazaroff and Nero, 1988). 
Although building materials can also be considered as 
» 
a potential source of indoor radon, many studies strongly 
suggest that s-ubsoil emanation is the major source 
Pearson and Jones,1965; Wilkening et al. 19721. 
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Cracks in solid floors 
2. Construction joints 
3. Cracks in walls below ground 
4. Gaps in suspended floors 
5. Cracks in walls 
6. Gaps around service pipes 
7. Cavities in walls 
Figure 1.3 Possible entry points of radon from soil 
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Domestic water drawn from the underground sources is 
an important source, when the radon concentration in water 
is above 10 KBq (IJNSCEAR 1982). Underground water comes 
into contact with cavities and cracks in rocks where radon 
is accumulated on its way to the earth's surface. As a 
result abnormal concentrations of radon can be found in 
associated water supplies. A survey of radon concentration 
2 
in well-water in Maine was found in a range of 7x10 to 
7x10 Bq m and in wells in granite area the average was 
8x10 Bq m"-^  (Hess et al., 1983). Such a high concentration 
of water—borne radon entering indoor atmosphere can be 
expected to be a significant contributor. 
Natural gas containing radon can also be a potential 
source of its presence inside rooms. Radon enters natural 
gas in the earth by diffusion and travels along with it to 
the collection wells. Uranium minerals are often associated 
with carbonaceous deposits and, therefore, the presence of 
radon is e:cpected in natural gas. The strength of radon 
concentration in raw natural gas at production wells is 
reported to be of the order of 50k Bq (UNSCEAR, 1977; 
Heijde, 1977) and the processing of natural gas into 
consumable Liquid Petroleum Gas (LPG) results in the 
transfer of 30-75% of radon. 
Like any other airborne pollutant, indoor 
concentrations of radon and its progeny depends on three 
23 
factors: the rate of production or entry, the ventilation 
rate and the rate of translocation or chemical or physical 
transformation to any other product. Being chemically inert 
and having a fairly long half-life radon acts somewhat like 
a stable pollutant whose indoor concentration is, therefore, 
governed only by ventilation rate and the entry rate. Thus a 
non reactive gas with a steady state entrance rate per unit 
volume Vg will have a concentration. 
I = (Vg + lo A^)/ (A^+d) (1.1) 
where A ^ , is the ventilation rate, lo is the radon 
concentration in outdoor air and d, is the decay rate of the 
gas (Nazaroff and Nero, 1988). For typical ventilation rates 
(> 0.1 the decay rate of radon (0.0076 h~^) can be 
ignored and the equation (1.1) reduces to 
I - lo = Vg / A ^ (1.2) 
Therefore, for a negligible outdoor concentration, radon 
concentration inside the dwelling is governed only by the 
entry and ventilation rates. The equation also indicates 
that both excessive entry rates and poor ventilation rates 
appear to be important causes of the high concentrations of 
indoor radon. Anyhow the equation (1.1) does not hold good 
for all aspects and behaviour of radon including the time 
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dependent and interactive phenomena. The equation is not 
applicable for determining the behaviour of radon, decay 
products since their concentrations are determined by a 
number of independent reaction rates. 
A more detailed and accurate treatment of various 
parameters involved in the behaviour and characteristics of 
indoor radon can give an idea about its expected level in an 
enclosure. Assuming instantaneous mixing of radon released 
into indoor air, a homogeneous activity concentration can be 
obtained by solving the equation (UNSCEAR, 1982). 
d(AJ.t)) 
dt 
E^ (S/V) + (A/V) + Aq^j^ (1.3) 
_3 
where A^ = Radon activity concentration (Bq m ) 
- 2 - 1 E = Radon exhalation rate (Bq m s ) X 
2 S = Emanating surface area Cm ) 
3 V = Volume of the room (m ) 
A = Activity release rate of any other source 
- 3 - 1 (Bq .r. s 
-3 
A^ ^^ = Radon activity concentration in inlet air (Bq m ) 
= Ventilation rate (h 
A = Decay constant of radon (h 
At equilibrium the above equation can be reduced to, 
A - A 
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B'urther, applying typical conditions in homes 
A >>X and 0.1 < A „ < 3 it reduces to 
= Ex S/v ^ A/V + A. ( 1 . 5 ) 
A V 
o 
-3 
For a reference house having volume 200 m ; surface area 
350 m^; Ex, 2 ..raBq A,7 mBq d"^ andA^, 0.5 h"^, Ao 
-3 can be calculated to be 32 Bq m 
Depending on the relative importance of different 
sources and for inhomogenous mixing of air inside the room 
the radon concentration will vary within the house. In 
cellars radon exhalation rate is often more than in upper 
floors. Poor ventilation in cellars can also result in 
higher radon concentration. Diurnal and seasonal variations 
are prominent in indoor radon activity concentrations mainly 
owing to the changing ventilation conditions. Studies show 
that these variations follow same pattern (Porstendorfer, et 
al., 1980). 
1.4.3. Radon Progeny 
Materials which emit radon do not emanate radon decay 
products in practice. Radon daughter concentration builds up 
in the room. The build-up of radon activity is given by the 
expression (UNSCEAR, 1982), 
A(t) = E^ A.q (1 - e (1.6) 
where A(t) is the activity of radon confined in an 
unventilated space at time t assuming that at t=0, A(t)=0. 
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E^ is the emanating power of radon, Ao the activity of Ra 
and A the decay constant of radon. If the space having 
volume V is ventilated with a ventilation rate, the 
build-up of radon can be expressed as 
A(t) = ^ ° ^ ^ (1.7) 
V (1 +a^/A) 
The relative growth of radon in a confined space for 
different ventilation rates is plotted in figure 1.4 
(UNSCEAR 1982). 
Radon emanating into air causes the build-up of its 
daughter products ^^^Po (Ra-A) , ^^"^Pb (Ra-B) and 
(Ra-C). The concentration of any daughter product at a time 
't' can be obtained by a general expression. 
A. (t) = A(o) ^ G^ e" ^i^ (1.8) 
where -jT "X 
G, =-±=1 , n ^ i (1.9) 
TT ( A n ^ i ) n=o 
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Figure I.4 Relative growth of radon concentration in a 
confined space for different ventilation rates. 
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concentration disregarding the factors influencing their 
concentration other than radioactive decay and ventilation 
rate. 
1.4.4. Attachment of radon progeny to aerosols 
A fraction of the solid radon decay products released 
into atmosphere are attached to the aerosols and becomes 
airborne. Tue unattached fraction may get deposited on the 
walls and other surfaces in the room (generally known as 
plate-out). When a radon atom decays into Ra-A, the 
molecules of water vapour and trace gases in the atmosphere 
coalesce immediately around the ion to form a molecular dust 
of 2-20 nm in diameter. Unattached radon progeny is highly 
mobile and can easily get attached to an aerosol particle 
of 50-500 nm diameter or it can plate-out on indoor 
surfaces, typically within a period of 10-100 sec. In its 
subsequent decay to Ra-B, the ion again becomes unattached 
because of the recoil energy (117 KeV) at decay, if the 
energy is nof absorbed by the aerosol particle to which Ra-A 
is attached. p-day of an attached Ra-B often results in an 
attached Ra-(' since its recoil energy (a few electron volts) 
is not sufficient to detach Ra-C from the aerosol. A 
schematic diagram of various interactions between radon and 
its progeny and their attachment and removal mechanisms are 
given in figure 1.5. Attached radon progeny are relatively 
immobile and ate often distinguished from unattached fraction 
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Here j = 1,2,3 for Ra-A, Ra-B and Ra-C respectively while 
i=0 represents radon. 
Assuming the instantaneous mixing of radon and its 
daughters in indoor air the relative radon activity 
concentration of each radon daughter can be expressed as 
Ra (A) = Aj^/A^ = ^^v^ (1.10) 
Ra (B) = A2/A^ = Ai A 2 /( Ai+Av^^^Z-Av^ 
Ra (C) = " 
/\iA2A3 / ('^i A^) (1.12) 
where A represents the activity, A the decay constant and 
subscripts 1,2,3 meant for Ra-A, Ra-B and Ra-C respectively. 
Evans (1969) has shown that the increase of potential 
alpha energy concentration (PAEC-definition and details are 
given in section 4.2.1) during the first 40 minutes can be 
taken as 
PAEC (t) = PAEC (t^) (1.13) 
From equation (1.7) we can infer that the activity 
concentration of radon decreases as ventilation rate 
increases. Equations (1.10), (1.11) and (1.12) gives the 
corresponding decrease in each radon daughter activity 
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by their environmental behaviour and deposition pattern in 
the respiratory tract of the lung when they are inhaled. The 
various possible processes of attachment of radon daughters 
are illustrated in the figure 1.5 (UNSCEAR, 1982). 
The attachment of radon progeny to the aerosols 
depends on the deposition velocity of the progeny and 
particle size distribution of the aerosol. The attachment 
rate of radon progeny to aerosols can be expressed as 
a 
As = N J K (D,r) n{r) dr (1.14) 
0 
where N is the aerosol concentration; D, the diffusion 
coefficient of free atom in air; n(r) dr, the relative 
number of aerosols in the range of radii r and (r+dr) and 
K (D,r) = 4TTr^ D h(l+hr) where h = V/4D. Here V is the gas 
kinetic velc'city of free daughter atom (^1.7 x lO"^  cm s ^ 
at 20°C) (Jacobi, 1972). A simplified form of the equation 
(1.14) can be obtained as (Lassen and Rau, 1960) 
^ = J I d i _ N V 
1 + 2hd 
where d is the diameter of the aerosol and other notations 
being same as in equation (1.14). If we assume that the 
indoor aerosol distribution is log-normal with a Count 
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D- Radioactive decay A~ Attachment to aerosols 
P- Plate-out V- Ventilation 
Figure 1.5 Radon and progeny production, attachment and 
removal mechanisms. 
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4 -3 
Median Aerodynamic Diameter (CMAD) of 0.05 pm, N = 10 cm 
and D = 0.054 cm^ thenA^ Is obtained as about 
8 ^ i.e., the average life time of an unattached radon 
progeny is about 100 s. The attachment rate A c ^^ ^^  also be o 
obtained experimentally by measuring the unattached fraction 
'f' of the radon progeny using the equation (Subba Ramu and 
Ramachandran, 1993). 
fi - A i A (1.16) 
where f^ is the unattached fraction of radon progeny having 
decay constant A^. 
The deposition of radon progeny attached to aerosols 
Is determined by the diffusion of the carrier aerosols and 
by the ratio of surface area and volume (S/V) of the room. 
The deposition rate A^ can be expressed as (UNSCEAR, 1982). 
A d = V^ (S/V) (1.17) 
where V^ is the deposition velocity (ms the value of 
which depends on the size distribution of the carrier 
aerosols. For particles with normal Activity Median 
Aerodynamic Diameter (AMAD) i.e. 0.05 to 0.20 pm, a 
deposition velocity of lO"'^ ms~^ and (S/V) ratio of about 
2 the value of A is about 0.7 (Jacobi, 1972 ) 
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ccirresponding to a mean life of about 1.4 h. For unattached 
radon progeny the deposition rate is of the order of 
1 tnin"^. 
An experiment with monodispersive aerosols (2-10 pm 
diameter) by W.L. Ho (1979) shows that radon progeny 
attachment rate is proportional to the particle size and 
their concentration. This implies that the process can be 
described by the kinetic theory of gases (UNSCKAR, 1982). 
1.4.5. Equilibrium of radon and its progeny 
Radon progeny equilibrium in dwellings is the most 
important quantity when dose calculations are to be made on 
the basis of the measurements of radon concentrations. 
Equilibrium factor (F) quantifies the state of equilibrium 
between radon and its daughters, and can be mathematically 
represented as 
3 
F = (1/A^) Z o^ i Ai 
( 1 . 1 8 ) 
where A represents radon or its progeny concentration (Bq 
_3 
m ) ; subscri{3ts 0,1,2 and 3 represent radon, Ra-A, Ra-B and 
Ra-C respectively and cx is the weighing factor accounting 
eor the contribution of total Potential Alpha Energy for 
each radon progeny. ( OC ^ =0.105 ; a ^=0. 516 and oc ^=.0. 379 ) 
(Keller and Folkerts, 1984). 
When radon progeny concentration is defined by PAEC 
in terms of working level (WL) units, the relation can be 
3'f 
written as 
3700 X WL F = (1.19) 
Though the theoretical limits of equilibrium factor are 
0 < F < 1, the Investigations show that perfect equilibrium 
(F=l) between radon and its progeny does not exist in indoor 
atmosphere (Jacobi, 1972; Beck and Gogolak, 1979; 
Ramachandran ec al., 1990). 
The parameters determining the degree of 
equilibrium In dwellings are ventilation rate, radon 
exhalation rate, aerosol concentration and attachment 
process of radon daughters to walls and other materials. 
From theoretical considerations it can be seen that F is 
mainly influenced by aerosol concentrations (Jacobi, 1972). 
For a wide range of radon exhalation rates (1-5 Bq m ^ h ^) 
the influence on resulting F is very small (Porstendorfer, 
et al., 1978; Wickie and Porstendorfer, 1982). Therefore, 
except for the influence of variation of aerosol 
concentrations and considerable drainage in ventilation 
conditions, the mean equilibrium factor in dwellings does 
not change significantly for a large range of radon 
concentrations. At normal aerosol conditions, exhalation and 
ventilation rates the expected value of mean equilibrium 
factor in dwellings lies between 0.3 to 0.5 (Jacobi, 1972; 
Keller and Folkerts, 1984). 
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1.4.6. Radon in outdoor air 
For an overall characterisation of environmental 
radiation exposure and to determine environmental radon 
levels in contrast to occupational and indoor levels, it is 
important to monitor the outdoor radon levels. The average 
area-weighted radon emanation from soil, excluding the polar 
- 2 -1 
regions, has been reported to be 16 mBq m s (UNSCEAR, 
1982). Outdoor radon has also contributions from the sources 
like ground water and natural gas etc. Geothermal power 
stations, coal fired power stations, phosphate and uranium 
mining and volcanic activities are other sources of 
atmospheric radon which has only local significance. 
Outdoor radon concentration has been found to vary 
with many factors like time of the day, season, altitude and 
location (Gesell, 1983). The observed variations with time 
can be attributed to the differences in environmental 
conditions. Gessell's measurements suggest that the outdoor 
radon levels in United States varies between 4 and 15 Bq 
-3 
m . Due to the relative absence of surfaces compared with 
indoors the characteristic behaviour of radon daughter 
products will be quite different. 
Radon gas emanated to the atmosphere is dispersed 
rapidly depending on various factors like atmospheric 
vertical temperature gradient, the direction and strength of 
wind and air turbulence. Generally the vertial dispersion of 
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radon takes place through the turbulent diffusion and 
convection limited by radioactive decay of radon. In the 
atmosphere turbulent diffusion of gases Increases with 
height and is greater than kinetic diffusion accounting for 
the decrease of radon concentration with increase in 
latitude. 
1.5 Probably health hazards due to uranium and radon 
Uranium and its radioactive decay series elements 
either Inside or outside the body can be quite harmful. The 
high toxicity and the effect of radiation makes uranium an 
element that poses a serious health hazard by accumulating 
in tissues, bones, liver and kidney (Shihomatsu and Iyer, 
1989). When contained inside the body, It Irradiates the 
internal tissues continuously till the radioisotope is 
eliminated by any physiological process or else till.it lose 
its radioactivity by natural decay. Uranium and its salts 
are highly uoxic and are found in +2, +3, +4 , +5 and +6 
valence states, the rr.ost common being the hexavalent and 
tetravalent states (Cothern and Lappenbusch, 1983). Natural 
uranium in its unstable tetravalent form is oxidized to the 
toxic hexavalent form, which then combines with active sites 
(phosphate groups) on the cell's surface, blocking normal 
metabolic processes necessary for the cell's survival 
(Steere, 1970). Hexavalent uranium injures kidneys. 
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preventing the normal waste product elimination such as 
urea, resulting in renal disfunction. The hexavalant state 
is important in water because almost all tetravalent 
compounds are insoluble in water (Bansal, 1992). Generally, 
kidney is the organ affected by the toxic effect of uranium. 
Due to the somatic mutation occurring in the cell it can 
even lead to cancer (Power 1981). Such a mutation, leads to 
the alteration of control mechanism of cell leading to the 
unregulated division of cell. At low dose rates the 
radiation effects are repairable. However, the injured cells 
may occasionally multiply irregularly resulting in malignant 
growth. Therefore, even the permissible dose is 40 mg/day 
(Morgan, 1973) the exposure to even to low doses for a long 
period can be dangerous. Studies among miners have shown 
that the incidence of lung cancer is a linear function of 
accumulated exposure. A linearity between dose and effect 
indicates that low exposures cannot be neglected when the 
exposure is spread over longer period. Besides its high 
toxicity, uranium plays an important role in various 
cosmochronological and nucleosynthesis events. 
The association between radon emanation from the 
radium bearing rocks in mines and the endemic lung cancer 
incidences were hypothesised in 1921 (Uhlig, 1921). But the 
significance of exposure to radon as a causative agent for 
the excess lung cancer incidences in Europe and United 
3S 
States was established only in the 1950s through 
experimental investigations (Aurand et al. , 1955; Bale and 
Shapiro, 1956). Several epidemiological studies were held 
after that on occupationally exposed populations to high 
fadon exposures. 
Inhalation of radon gas leads to its uniform 
distribution in the whole body. Due to the low solubility of 
radon in body tissues the resulting effective dose 
equivalent from inhalation is normally small as compared to 
the dose from inhaled radon daughters. 
Lung cancer is the most common form of lethal cancer 
in most industrialized countries accounting for about one-
fifth of all cancer deaths. In many countries the proportion 
is still higher (Doll and Peto, 1981). The most common type 
of lung cancer known as bronchogenic are found in the 
bronchial airways situated in the central part of the lung. 
Quite a few occurs In small airways deep in the lungs and 
In the alveoli (Kreyberg, 1967). Cancers mainly found in the 
large airways are classified as epidermoid tumours and in 
small airways as carcinomas. The occurrence of different 
types of tumours varies with age at which the cancer occurs. 
Exposure to radon progeny, cigarette smoking and inhalation 
of other pollutants or combination of these are the 
prominent causes for the occurrence of lung cancer. 
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1.5.1. Lung carcinogenesis 
While breathing inhaled aerosols attached with radon 
progeny can be trapped by the sticky mucus on the bronchial 
airways. These short-lived radon progeny have high 
probability of decaying in situ emitting alpha radiations. 
The sensitive basal cells located just beneath the Inside 
surface of the bronchial airways are within the range of 
alpha radiations emitted by the radon progeny. For a given 
concentration of radon progeny in the air various factors 
determine the number of alpha radiations actually 
irradiating the basal thin layer of bronchial tree. Age of 
the person, breathing pattern, aerosol size, the speed with 
which the n.ucus clears the aerosols out of the lung by 
physiological processes and depth of basal cells below the 
mucus layer are some of the factors. The unattached fraction 
of radon progeny which are smaller than aerosols are more 
likely to he deposited in the lung contributing 
significantly to the radiation dose to the lung. 
The respiratory tract where radon progeny are most 
likely to b;-.' deposited can be divided Into three regions 
(Fig.1.6) on the basis; of anatomy and function namely the 
Nasopharyngeal (N-P), I'racheobronchial (T-B) and Alveolar -
Interstitial (A-I) regions. The N-P region humidifies the 
inhaled air and filters the dust and aerosols. Even though 
the radon progeny can be deposited along this upper 
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Alveolar-
Interstitial 
(A-I) 
Figure 1.6 Different regions of lungs where radon progeny 
can be deposited. 
41 
respiratory tract, there is no evidence from mining 
populations that radon progeny increases the nasal cancer 
risk. (Nazaroff and Nero, 1988). The main risk is always for 
the Bronchogenic cancer. The second region (T-B) includes 
Trachea and Bronchial airways down to the terminal 
bronchioles. The T-B region is provided with mucus secreting 
glands so that deposited particles can be translocated 
rapidly by mucociliary action to throat for swallowing. T-B 
region must be considered while assessing the fraction of 
deposited radon progeny which can more efficiently irradiate 
the bronchial epithelium. The alveolar interstitial region 
is characterised by the absence of a thin barrier tissue. 
Though deposited radon progeny 'from A-I region are cleared 
through ciliated airways and lymphatic drainage ducts, only 
absorption into the blood serves as a mechanism of 
translocation of the particle from lungs to the other 
organs. A fraction of the attached as well as unattached 
radon progeny Is deposited in the three regions. Direct 
measurements show that about half of the unattached progeny 
inhaled are deposited in the (T-B) region of the lungs 
(George and Breslin, 1969). 
1.5.2. Lung dosimetry 
Radiation dosimetry deals with the quantitative 
measurements of radiation in the units of exposure dose, 
absorbed dose or the dose equivalents. As far as the noble 
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gas radon is concerned, the low solubility of it in body 
tissues results In only a small effective dose equivalent as 
compared to radon progeny. Therefore, the main emphasis is 
on the potential alpha energy intake of short-lived radon 
progeny by inhalation and the resulting dose in target 
tissues of the lung. Considering the possible deposition of 
radon progeny in different regions of lungs and subsequent 
clearing mechanisms (UNSCEAR, 1977;Nazaroff and Nero, 1988), 
the dose absorbed by bronchial epithelium is found to be 
considerably higher than the dose to the (A-I) pulmonary 
region or the mean dose to lungs. The cells of risk from the 
alpha radiation by radon daughters deposited on the 
bronchial airways and transported upwards in the bronchial 
tree by the mucociliary escalator are assumed to be located 
in the basal cell Layer of the bronchial epithelium. 
Therefore, the target tissues in lung dosimetry for inhaled 
raaon progeny are Tracheo-bronchlal (T-B) region and the 
Pulmonary Epithelium (P) of the Alveolar Interstitial (A-I) 
reg:on. 
The analysis of the dose distribution in the 
respiratory tract from radon progeny inhaled involves the 
calculation of the equilibrium acitivity distribution 
considering the deposition pattern, mucociliary clearance 
mechanism, possible uptake and retention in epithelial 
tissues and transfer to blood. 
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From the dosimetric models (Hoffman et al . 1 9 8 0 ; 
Jacobl and Eisfeld) 1980; Harley and Pasternack, 1981) It-
follows that the conversion factor between the Inhaled 
potential alpha energy Intake Ipot of the radon progeny 
mixture and the committed dose equivalent H to the T-B and P 
regions shows a linear relation (UNSCEAR, 1982 ) with the 
unattached fraction (fp) of the total potential alpha 
energy. 
"(T-B) I Ipot ^T-B " V B £p 
Mp / W • ^p 'I -
Here a„ „ and a are the conversion factors for attached 1 -D p 
daughters which depends on the Activity Median Aerodynamic 
Diameter (AMAD) of the carrier aerosols. The influence of 
breathing rqte and the dependence of equilibrium factor F 
are relatively small over and a^. Taking a weighing 
factor of 0.06 for the two target tissues (T-B and P) of the 
lungs (ICRP, 1981), the effective dose equivalent (H^j^^) for 
unit radon progeny potential alpha energy inhaled, can be 
obtained as (UNSCEAR, 1982). 
"eff / W = 
this value has been derived on the basis of a 
comparison of dosimetric approach with the observed excess 
lung cancer risk of radon exposed miners. For outdoor 
exposures a value of 3 Sv J ^ can be used. 
1.6 Significance of the study 
Not withstanding the fact that man has all along been 
exposed to a natural background radiation, a strong social 
concern has been evoked over the detrimental effects of 
radiation and its uses. A paradox that many technological 
endeavours alter the total radiation exposure, strengthen 
and signifies this concern. Effective environmental 
monitoring and quantitative assessment of the health effects 
and risks can clear the doubts about the impacts of all 
activities involving radionuclides. Whether natural or 
artificial materials involving radioactive elements should 
be utilized in such - a way that their use results in the 
benefit of mankind rather than a radioactive pollutant. 
Natural background radiation is important as it is the 
largest contributor to the collective radiation dose to the 
world population. External sources of extraterrestrial 
cosmic rays, primordial radioactive nuclides in earth, 
water, building materials and air and internal sources 
comprising the naturally occurring radionuclides which are 
taken into the human body through inhalation and ingestion 
are the natural radiation sources. Of all the natural 
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radionuclides the highest contribution to the annual average 
radiation exposure comes from radon and its progeny alone. 
The radiological impacts due to the inhalation of radon and 
its progeny have now been recognised not only in mine 
environments but also in dwellings. A survey held in United 
States clai.7is that about 20,000 lung cancer deaths occur 
annually due to the inhalation of radon progeny (New 
Scientist, 22 September, 1988, p-24). 
The risk of prolonged inhalation of the short lived 
radioactive radon . progeny has been well established by 
numerous epidemiological studies among underground miners in 
U.S. and Czechoslovakia (BEIR, 1980). Linear extrapolation 
from the dose response values of the uranium miners exposed 
to higher levels of radon indicates that the majority of the 
lung cancer among the public could be due to indoor radon 
and its progeny. The first study of increased incidences of 
lung cancer among U.S. uranium miners shows that the rate 
of cancer among the miners was 10 times higher than that in 
the general public (Archer et al., 1962; Wagoner et al., 
1964). Surveys on ambient radiation levels has lead to the 
identification of several high background areas on earth and 
has alerted the scientific community. Besides initiation of 
research programmes, radon issue has made a significant 
socio-economic Impact in several countries such as state 
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supported measurement of indoor radon levels, financial 
loans for radon remedial actions, and radon certification 
for legal transaction of houses. Discovery of the 'Watras 
House' in eastern Pennsylvania with a radon concentration of 
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the order of 100,000 Bq m was example for the existence of 
terribly high concentration of radon in dwellings (Lowder, 
1989). Occurrence of such high levels of padlacteri OKpOsyre 
justifies the need for the extensive research on the 
quantitative assessment of health risks due to radiation. 
Only with a vivid information on sources and effects, a 
proper radon mitigation technology can be developed. 
The p'*esent investigations were initiated to study the 
various aspects related to the indoor radon alongwith the 
investigations on uranium levels in the materials concerned. 
Uranium, being the parent element of the decay series in 
which radon is a gaseous member plays an important role in 
radiological point of view. The study includes the 
measurement? of radon and its progeny activity 
concentrations in dwellings, their seasonal variation, 
assessment of effective dose equivalents, the equilibrium 
factor, and risk of lung cancer due to their inhalation. Sub-
soil emanation and building materials are two prime sources 
of indoor radon. Therefore, studies of radon in soil air and 
radon exhalation from building materials were also 
conducted. As a probable source of technological enhancement 
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of environmental radon, a coal fired thermal power plant and 
its premises were also subjected to a brief survey. 
Variation of radon activity concentration with height, level 
of radon activity in the dwelling nearby the power plant 
etc. were also the subject of investigations. 
For uranium analysis, samples were collected mainly 
from regions where radon study was conducted. Soil samples, 
building materials, water samples from various sources and 
regions of India, coal and fly-ash samples etc. were 
analysed to determine the level of uranium in them. Soil 
samples from the dumpyards of the coal fired power plant and 
a fertilizer factory utilizing rock phosphate were also 
examined for a comparison with other soil samples and also 
to find a correlation, if any, with radon emanation in that 
region. 
For investigations related to radon, CR-39 and LR-115 
Type II, Solid State Nuclear Track Detectors were employed. 
These are well known dielectric detectors used widely all 
over the woi'ld for long term integrated measurements of 
radon and its progeny. The calibrations of these detectors 
in various modes of exposure and assemblies were also done 
in an experimental system with controlled conditions to 
simulate the atmosphere. 
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For the microanalysis of uranium, dielectric detectors 
(SSNTDs) namely Makrofol-KG was employed. The methodology is 
based on the fission track registration in this dielectric 
detector. This method is highly reliable and sensitive for 
the detection of trace levels of uranium even in sub-ppb 
levels. 
The results of the study will be significant in 
understanding the main sources of indoor radon, their health 
effects and various factors influencing it. The study may 
yield significant base-line data which may be quite useful 
for the environmental surveillances as a pre-operational 
data for the Narora Atomic Power Plant (located just 40 km 
away from Aligarh where the present studies were 
concentrated) and for many other industrial endeavours. The 
results also point out incidences of technological 
modification of radiation levels and radionuclide (uranium) 
levels in certain regions. 
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CHAPTER II 
SOLID STATE NUCLEAR TRACK DETECTORS (SSNTDs) 
2.1 Introduction 
The era of nuclear tracks began in 1958 when D.A. Young 
working at the Atomic Energy Research Establishment at 
Harwell in England (Young, 1958) reported the presence of 
etch pits on LiF crystals. The crystals were chemically 
etched after their irradiation v/ith thermal neutrons 
alongwith a uranium foil kept in close contact with them. 
Further analysis of the crystals showed a complete 
correspondence between the number of etch pits and the 
estimated number of fission fragments which would have 
recoiled into the crystal from the uranium foil. In the next 
year Silk and Barnes working in the same institute reported 
the direct observation of these damaged regions (nuclear 
track) in mica, using transmission electron microscopy. The 
extensive development of this method of observing nuclear 
tracks in dicJectric solids, crystals and glasses was done 
by a team of scientists at the General Electric Research 
Laboratory, New York. The characteristics of the nuclear 
etchable tracks were their production by heavily ionizing 
particles in insulators and poor semiconductors and stability 
against the exposure to light, x-rays, ^-radiations and 
ultraviolet rays. The outstanding properties like simplicity, 
durability and specific nature of response to various 
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radiations ensured their rapid applications In diverse fields 
of science and technology. It has grown to such an extent 
that there is hardly any branch of science where they do not 
have applications. Nuclear fission, space physics, cosmic ray 
studies, metallurgy, geology, archaeology, medicine and 
biology have many potential applications of SSNTDs. 
Basically SSNTDs are classified as inorganic crystals, 
inorganic glasses and high polymers (plastics). Plastics, 
the most sensitive group, have wide applications in the study 
of heavy ions, cosmic rays, radon dosimetry and neutron 
dosimetry. Sensitivities of a few commonly used plastics are 
listed in the table 2.1 (Fleischer et al. 1975). One of the 
most sensitive plastic, Allyl diglycol carbonate, commonly 
known as CR-39 is capable of registering tracks of protons 
of energy upto 10 MeV (Rao et al., 1982). 
2.2 SSNTDs and Their Importance 
Heavily ionizing particles passing through insulating 
media leave narrow trails of damage (latent track) on an 
atomic scale (<-^30 - 100 . In crystals this consists of 
atomic displacements and in plastics the damage is due to 
broken molecular chains, free radicals etc. These latent 
tracks can be enlarged to a microscopically visible size.By 
the method of preferential chemical etching in which the 
5(? 
Table 2.1. Relative sensitivities of some Detectors 
Detector Atomic 
Structure 
Least observable ion 
track 
Allyl diglycol 
carbonate (CR-39) 
Amber 
Bisphenol A-poly-
carbonate 
(Lexan, Makrofol) 
C2H3O2 
lOMeV IH 
Full energy fission 
fragments 
0.3 MeV ^He 
Cellulose nitrate 
(Diacell) 
C^HgOgN^ 0.55 MeV "-H 
Cellulose nitrate 
(LR-115) 
Muscovite Mica 
Polyethylene 
Polymide 
Polyoxymethylene 
(Delrin) 
CgHgOgN2 
KAl3Si30^Q(0H)2 
CHo 
CH2O 
0.1 MeV • H 
20 2MeV ^^Ne 
Fission fragments 
36 MeV 
28MeV ^^B 
Polypropylene 
Quartz 
Silica glass 
CH2 
SiO. 
SiO. 
1 MeV ^He 
100 MeV ^^Ar 
16 MeV 
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damaged regions of the detector reacts at a faster rate with 
a chemical reagent, called etchaat^, at certain appropriate 
conditions. The track formation is related to the number of 
ions produced in the crystal exceeding certain threshold 
limit so that the damage caused is permanent along the trail 
of the ion. This property of track etch detectors is one of 
its main advantages for particle identification. In some 
dielectric detectors even slow protons can make a track but 
in most oi the minerals even an argon ion at its maximum 
ionization rate will fail to form an etchable track 
(Fleischer et al., 1975). High energy electrons and protons 
have relatively negligible effect on SSNTDs. The threshold 
for the detection of a particle is quite a favourable 
property when one has to search a heavy particle amid an 
intense background of highly ionizing radiations. 
The intensity of ionization^ the damage produced by an 
Ionizing particle^ is directly proportional to the square of 
its charge and approximately inversily proportional to the 
square of its velocity. This property of charged particles 
has been used successfully in the study of cosmic rays. 
Out of the numerous advantages of SSNTDs some important 
features are listed below: 
5S 
(a) Etched track detectors are extremely simple to 
construct as compared with other track detectors namely 
bubble, cloud and spark chambers and nuclear emulsions. 
(b) These detectors are cheap and are available in 
different sizes. 
(c) The tracks formed are permanent and are stable under 
severe environmental conditions like high temperature, 
pressure, humidity and mechanical vibrations. 
(d) Detectors, capable of recording fission fragments are 
ideal for micromapping fissionable materials even in 
sub-ppb levels. Due to the small size, these detectors 
can be placed in direct contact with fission fragment 
sources and hence very high efficiency and sensitivity 
can be achieved. 
(e) These detectors are highly durable and pose no health 
effect or handling problems. 
(f) Due to the small size these are quite suitable for 
personnel dosimetry in environment and in congested 
surroundi ng. 
('S) Their geometrical flexibility makes them suitable for 
angular distribution measurements in nuclear reactions. 
2.3 Applications of SSNTDs in Various Fields 
Wide and diverse applications of SSNTDs in almost all 
fields of science and technology are great fascination 
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towards them. It has found applications from nuclear physics 
to biology, archaeology, chemistry, geochemistry, 
geochronology, metallurgy, solar physics, radiation 
dosimetry,, uranium exploration etc. some of them are 
discussed below: 
2.3.1. Nuclear Physics 
Several Nuclear Physicists all. along the world are 
among the active users of SSNTDs. Particle identification 
characterized by their charge z and mass M, is a major area 
of application of SSNTDs in nuclear physics. The tracks 
formed in the detector medium depends on the properties of 
the incident particle viz. its energy E, velocity v and rate 
of energy loss (dE/dx) in the medium. If one can precisely 
scale the rate of energy loss vjhich is a function of 
incident particle charge and velocity, the total energy of 
the particle (a function of mass and velocity) and the 
velocity the nature of the particle can be precisely 
determined. By measuring the two parameters, track etching 
rate V and residual range R along with the calibration of 
T 
the track etch rate V for ions of known charge and mass, the 
T 
incident particle can be identified. 
Besides the identification of particles, several 
reports of charge and mass resolution of plastic track 
detectors are available in the literature. Price et al., 
c 0 
(1970) obtained a charge resolution z of 0,3 charge unit 
and mass resolution of 2 amu in Lexan for cosmic rays in 
the region 12 < z < 30. A mass resolution of 0.7 amu for 
Fe isotopes in cosmic rays using U.V. sensitized Lexan 
(Slegmon et al, 1976) and a Z of < 0.1 charge units and 
0.3 amu mass resolution in CR-39 (Cartwright et al., 1978) 
have been obtained. 
For the determination of half-lives for spontaneous 
fission, SSNTDs have been successfully used. The largest 
238 
number of independent measurements has been done on U. In 
this method track detector is placed against a foil of the 
isotope and the tracks accumulation rate is obtained. It is 
also ' possible to determine the half-life by comparing the 
number of tracks produced by a natural radioactive substance 
with comparable half-life to that from the radionuclide of 
unknown half-life. New information on the systematics of 
spontaneous fission has also been reported from the half-life 
measurements using dielectric detectors. The measurement on 
258 
Fm with mica strips fixed on a rapidly rotating drum is an 
excellent example for this (Hulet et al., 1971). 
Another remarkable application of track detectors in 
nuclear physics is to determine compound nuclear lifetime by 
the blocking effect. In the first successful experiment 
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Gibson and Nielsen (1970) measured the lifetime of 1.4x10 s 
238 
for the decay of Np compound nucleus. This was 
accomplished by bombarding a UO2 single crystal with protons 
of two different energies and by comparing the blocking 
patterns of fission fragments emitted from the crystal imaged 
in a Makrofol detector. For alpha emitting compound nuclei, 
the lifetime can be measured using an alpha sensitive track 
detector. 
Micromapping of fissionable trace elements is another 
potential application of SSNTDs. Elemental mapping upto sub-
ppb level is possible th this technique. The method 
involves the registration of fission fragments produced by 
thermal neutrons in the fissionable impurity by a dielectric 
fission track detector. Microanalysis of uranium, boron etc. 
is being done on a large scale in various materials, 
employing this technique. (An exhaustive description of the 
technique for microanalysis of uranium is given in the 
section 5.2). A brief account of some other Important 
applications of track detectors in nuclear physics are given 
below: 
(a) For the determination of fission-barrier and saddle-
point mass of nucleus (Burnett et al., 1964). 
(b) For the search and the determination of half-lives of 
superheavy elements produced by galactic 
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nucleosynthesis during Che formation of solar system. 
Bhandari et al. (1971) has claimed to have obtained 
fossil track evidence for superheavy elements. 
(c) For the study of fragments emitted in relativistic 
heavy-ion reactions. Track detectors (e.g. Lexan) are 
used to determine angular distributions, energy 
spectra, and charge distribution of low energy 
fragments. 
(d) A number of track detectors wore used In the 
investigations on the ternary photofission (Medveczky 
and Somogi, 1970). 
2.3.2. Radiation Dosimetry 
Radiation dosin^etry basically determines the dose of 
ionizing radiation absorbed by a body or some parameter in 
correspondence to the absorbed dose. An ideal dosimeter 
specially a personnel dosimeter should be robust, simple, 
cheap and easily evaluable. The radiations usually 
encountered in dosimetry, OC-particles and heavy ions, have 
sufficiently high linear energy transfer (LET, energy lost by 
particle per unit path length) to be detected directly by 
dielectric track detectors. Neutrons and energetic pions can 
also be recorded by generating high-LET secondary radiations. 
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Being electrically neutral, neutrons are detected 
through their nuclear reaction products (Walker et al., 
235 
1963). Detection of thermal neutrons usually utilize U 
which undergoes fission by thermal neutrons. With a thick 
235 
foil of almost pure U and fission fragment detector like 
Lexan polycarbonate, thermal neutron dose upto 0.1 mSv 
4 -2 
(equivalent to a thermal neutron fluence of 10 cm ) can be 
practically measured (Durrani and Bull, 1987). In personnel 
dosimetry, since moderate flue.nces of thermal neutrons carry 
relatively very low dose, they are not so important. At 
higher energies, neutrons transfer significant amount of 
energy and therefore, its relative biological effectiveness 
(RBE expressed as quality factor) is high. By the use of a 
simple track detector a measure of total dose equivalent can 
be obtained from the track density but no information about 
the neutron energy spectrum is directly obtained. For this 
purpose a tw.i detector assembly Incorporated with natural and 
cnrichcd uranium was designed ( Tatsuta and Binj^o, 1970) to 
discriminate and record a wide range of neutron energies. The 
major disadvantage of devices using fission foils in 
personnel dosimeters is their inherent radioactivity which 
can deliver a significant dose to the persons who wear it. 
The unique features of track detectors as a neutron 
dosimeter are: 
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(a) Non-i*equlrement of an electronic counting equipment for 
evaluation. 
(b) No need of Immediate retrieval and processing 
(c) Insensitivity to background , x and Y-radiations. 
(d) Permanent record without environmental effects 
(e) VJide range of doses can be studied and 
(f) Ease of activation and inactivation by separating 
fissile and detector foils. 
Alpha dosimetry using SSNTDs is more simple than 
neutron dosimetry since alpha particles can leave etchabl e 
tracks in the detector directly. Radon gas and airborne radon 
progeny are the naturally occurring hazardous alpha particle 
sources. Being a gas and emanated from earth, radon is 
found everywhere, but in varying concentrations. Its effect 
is known to be carcinogenic when exposed to high 
concentrations. Monitoring the radon levels requires long 
term Integrated measurements for which SSNTDs are ideal. 
Track etch detectors are widely used world-wide for -various 
measurements related to radon. More details of radon 
dosimetry have been discussed in section 4.2. 
2.3.3. Geochronology and archaeology 
Naturally occurring crystals, glasses and rocks are 
found to have recorded tracks in them. Being insensitive to 
alpha particles and ionizing radiations produced in oc or p-
decay,these Internal tracks should be entirely due to either 
ifission or recoil nuclei (Fleischer et al. , 1975). The 
natural tracks are identified to have originated from the 
235 
spontaneous fission of natural heavy radionucleides ( U, 
232 
Th, Bif Pb etc),fission of heavy elements induced by 
a , p or y radiations, fission induced by cosmic rays and 
spallation caused by cosmic ray secondaries etc. 
Of the various radiometric dating, fission track dating 
238 
is conceptually simple. The major isotope of uranium ( U) 
-16 
decays by spontaneous fission at a rate of ^^ 10 per year. 
Therefore, a mere estimation of the fraction of the uranium 
atoms that have fissioned within the sample can give an 
estimate of its age. Since the absolute rate at which 
spontaneous fission tracks accumulatle in minerals is 
proportional to the uranium content, it is necessary to 
measure both the natural track abundance and the uranium 
content. This method has been extensively used for dating of 
geological, archaeological and cosmological samples. This 
study has also been extended to investigate ocean bottom 
spread and the continental drift (Fleischer et al., 1975). 
The track studies of natural ^Roman Glasses'' and the 
'Franchtic Cave' obsidians have yielded extremely interesting 
information regarding the Roman period and the history of 
B6 
Seafaring near the Greek Mainland (Durrani et al., 1971). 
In addition to these applications of SSNTDs, there are 
hundreds of diverse applications in science and technology. 
The realm of etched tracks Is very large ranging to earth-
quake studies, biophysics, botany, cytology, superfluidity, 
superconductivity, bird-altimetry, imaging, uranium 
exploration etc. with significant importance in all of them. 
2.4 Track Formation Mechanisms 
Particle tracks are formed due to the passage of 
heavily ionizing particles through an insulating medium. The 
latent tracks are narrow, stable and chemically reactive 
centres, composed mainly of displaced atoms. The heavy ion 
energy deposit while its slow down in a solid is considered 
very important in understanding the track formation 
mechanism. A fast moving atom of atomic number Z would 
rapidly become an ion by being stripped of all or some of its 
orbital electrons. Therefore, the ion acquires a net positive 
charge Z" which can be empirically expressed as (Heckman et 
al., 1960)^ 
2/3 
Z- = Z [1- exp (-130p/Z ) ] '(2.1) 
where p is the speed of ion relative to the velocity of 
light. At higher velocities Z* ^ Z and the interaction of ion 
G7 
with the solid is the electrical force between the ion and 
atomic electrons in the solid. As a result of this 
interaction, atomic electrons in the solids can be excited to 
high energy levels or can be stripped out of the atom. In 
polymers, excitation can lead to the breakage of molecular 
chains and formation of free radicals. The ejected out 
electrons in atoms called delta rays, can cause further 
ionization and excitation if they have enough energy. In 
inorganic solids priirary ionization is the major source of 
the track damage and the secondary effects of delta rays are 
unimportant. However, in polymers primary ionization as well 
as delta rays contribute to the formation of tracks. 
To ciccouiit far the track formation and other 
characteristics of the track formation several models v;ere 
proposed. Track formation should be related to a number of 
different parameters like total energy loss rate, primary 
ionization, restricted energy loss etc. Track formation 
criterion restricts the formation of an etchable track in a 
medium till the chosen parameter exceeds a threshold value. 
The concept of 'thermal spike' was the first of its kind to 
explain the formation of damage trails In crystal lattice. In 
this model, the passagi; of an energetic particle is assumed 
to produce intense heating in a localized region of the 
lattice and then a rapid quenching by thermal conduction into 
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the surrounding matrix. This disorders the core material due 
to the differential thermal expansion ( Bonfiglioll et al., 
1961). 
VJhen a particle deposits an energy Q per unit length 
at time t=0, the temperature T as a function of time and 
radial distance r from the ionizing particle path can be 
taken as, (Dienes and Vineyard, 1957) 
Q 1 -r2/4Dt 
T ( r , t ) = T o e (2.2 
4 n c d Dt 
where To is the anit.ial temperature of the lattice; C the 
heat capacity of the inedlum, d its density and D is related 
to the thermal conductivity a- of the medium given by 
D = cr- /cd (2.3) 
The calculations indicate that a fission fragment can rise 
the temperature of a narrow cylindrical region by many 
thousands of degree kelvin for a short duration. This model 
explains the inability of metals to form etchable tracks. In 
metals the thermal spike quickly becomes too broad and 
diffuses in metallic lattice. In insulators intense spike 
produced leads to the severe localized damage capable of 
forming tracks. 
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Later in 1965, Fleischer et a]., proposed a semi-
quantitative model for track formation, known as the ion-
explosion spike model (Fleischer et al. , 1965a). A heavily 
ionizing particle leaves a narrow region of high density 
positive charges along its trajectory in solids. Since the 
time for the electron and positive ion recombination is 
-13 
longer than lattice vibration time (typically 10 s), 
mutual repulsion between the positive ions drives these ions 
into the interstitial positions. Subsequent processes include 
neutralization of positive ions and relaxation of the 
surrounding lattice into the perturbed region. In an organic 
polymer, the charged particle breaks the long molecular 
chains by ionizaton and excitation which are very rarely 
rejoined. The path of broken molecular chains is highly 
chemically reactive. 
According to the ion explosion spike model the 
requirement for the track formation is that the coulumb 
repulsive forces within the ionized region should be 
sufficient to overcome the lattice bonding forces, i.e. the 
electrostatic stress due to the positive ions should be 
greater than the mechanical or bonding strength. When two 
ions in a material of dielectric constant G and average 
atomic spacing a^ have received an average ionization of n 
in 
unit charge e, the coulomb forces between them can be taken 
2 2 2 
as n e / e a^ and the force per unit area or electrostatic 
2 2 4 
force will be n e /£ a^ . For a material of young's modulus 
Y, the bonding force of the lattice may be taken to be Y/10 
as a working approximation (Fleischer et al., 1975). 
Therefore, the criterion for track formation can be expressed 
as 
(n2 e2 / £ a,^) > Y/lO (2.4) 
or n2 > ( Y e aQ^)/10 e^ = R (2.5) 
where R is called the 'stress ratio' and is a measure of 
relative sensitivity of various track recording materials. 
The equation (2.5) indicates that the materials having 
smaller value of R should have smaller values of mechanical 
strength, dielectric constant and lattice spacing for being 
sensitive. Therefore, plastics (R-^O.Ol) are more sensitive 
than inorganic (R^.^l) crystals. This conclusion from the 
'ion explosion spike' model is in complete agreement with the 
experimental results. 
For tracks to be atomically continuous there must be 
atleast one ionization event per atomic plane. Generally, 
this criterion is satisfied over the regions of incident 
71 
particle trajectory where tracks are formed. 
If the positive ion core is to survive long enough 
-3 
(>10 s) from being neutralized by recombination, the free 
electron density (n ) must be low (Fleischer et al., 1965a) 
so that other electrons will not be available to replace the 
ejected electrons by the ionizing particle. Quantitatively 
this implies 
en 
< ( 2 . 6 ) 
f rr a^p^KTt 
where the new symbols, pp, is the electron mobility; T 
the absolute temperature; K boltzmann's constant and t the 
-13 
diffusion time for electrons, typically 10 s. This 
suggests that tracks are formed only in insulators and 
semiconductors of poor conductivity. For insulators and 
semiconductors the lattice vibration time (here taken as 
-13 
diffusion time) is 10 s. The positive ion core of the 
track contains a high concentration of holes. The hole 
mobility should be low so that they can not diffuse to get 
neutralised with electrons. In semiconductors and metals 
the hole mobility is too high at room temperature. Therefore, 
only insulators satisfy both the conditions for the formation 
of tracks. 
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2.5 Track Registration Criteria 
Charge, mass and energy of the incident particle are 
the parameters to judge the validity of various models of 
track formation. Track formation can also be related to the 
total energy loss rate, primary ionization, restricted 
energy loss of the ionizing particle. In terms of these 
quantities one can set-up a criterion which suggests that the 
tracks are formed only when the chosen parameter exceeds a 
critical value, irrespective of the bombarding particle. The 
relevance for the formation of a criterion lies in the 
identification of particle. 
2.5.1. Total energy loss rate 
Fleischer et al. in 1967 proposed the dependence of 
total amount of energy deposited per unit path length on the 
track formation. It was proposed that etchable tracks are 
formed only when dE/dx exceeds a critical (threshold) value 
(dE/dx)^ . This quantity was considered to be the 
characteristic of the solid. They calculated the values of 
(dE/dx) and plotted as a function heavy ions in three 
detectors viz. Muscovite Mica, Lexan Polycarbonate and 
Cellulose Nitrate. The data were consistent with the 
hypothesis that for each solid there exists a critical rate 
of energy loss (dE/dx) such that particle losing energy 
c 
more rapidly than this value produces continuous tracks. 
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Those ionizing particles which deposit appreciably less 
energy per unit length can produce no tracks. 
One of the short-comings of this criterion is that it 
completely neglects the primary ionization for the formation 
of tracks. 
2.5.2. Primary ionlsation criterion 
Using the total energy loss rate criterion, Fleischer 
et al predicted the minimum detectable charge of 70 for 
relativistic ions in Lexan. But experimentally it was found 
that relativistic ions of charge 57 i 2 can leave etchable 
tracks in it. Further studies showed that the predicted 
energy loss rates were over-estimations in Muscovite Mica 
and Cellulose Nitrate also. Relativistic iron nuclei did not 
leave any etchable track in cellulosenitrate at all as 
predicted by the model. These discrepancies lead to the 
formation at a new criterion for track registration. 
An etchable track in a solid can only be formed if the 
linear ion density produced by the primary particle along the 
trajectory 3s greater than a critical value for the 
material. Therefore, a solid would register a track if the 
rate of primary ionization (dJ/dx) was greater than a 
critical rate of primary ionization, i.e. (dJ/dx) which is 
c 
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a characteristic of the material. This criterion also has 
some short-comings since it neglects the effect of delta 
rays. 
2.5.3. Critical Restricted Energy Loss Rate Criterion 
Bonton and Nix in 1969, proposed a new track formation 
creation for track detectors known as 'Restricted Energy 
Loss' (RED criterion. For this purpose they incorporated 
the secondary ionization and excitations produced by low 
energy recoil electrons (delta rays). The criterion assumes 
that the total energy deposited per unit track volume by the 
incident particle determines the chemical reactivity of the 
latent track region. A relativistic heavy ion having high 
energy produces delta rays along the particle trajectory. 
These delta rays having several MeV's of energy deposit their 
energy at a considerable distance from the path of heavy 
ion. In plastic detectors these energetic delta rays and 
their accompanying energy are lost and therefore, need not 
be considered in track formation. This leads to the 
invalidity of the total energy loss rate (dE/dx) criterion 
for track registration. 
In addition to the primary ionization, the secondary 
electrons having the energy 'w'less then a predetermined value 
I ) 
w^ contribute to the track formation. If the energy density 
is greater than the minimum value depending upon the nature 
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of the detector the particle can form an etchable track in 
the detector. Benton and Nix also calculated the value of 
(dE/dx) for different ions using the relations 
W<Wo 
^ .)- - 2(c/z)-^] (2.7) adj ' 
Where Z , is the effective charge of the ionizing particle; 
2 2 
n the density of electrons in the detector; ^^ = Q 
2 -1/2 
the classical electron radius; Y- = (1-B ) ; I the mean 
adj 
exciation potential of the material; c/z the tignt binding 
shell correction and d the correction for the density effect. 
The effective charge Z* is given by the equation (2.1). 
If the restricted energy loss (REL) rate given by the 
equation (2.7), is greater than the minimum value [(dE/dx) ] 
W< Wo C 
the tracks are formed in the detector. Therefore, the 
condition for track formation takes the form (REL) > (REL) c 
for the material. Unlike the primary ionization model where 
(dJ/dE) does not give any absolute value, the REL model 
c 
gives the value of [(dE/dx) ^  in absolute units. w< W q C 
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2.5.4.Critical Dose of Ionization Criterion 
In 1968 Katz and Kobetich reported a new criterion for 
track formation in track etch detectors. According to this 
criterion, at higher enetgies the principal mode of energy 
loss is through ionization and the tracks are formed through 
the deposition of delta ray energy along the particle 
trajectory. They suggested that tracks in detectors are 
produced when the critical dose (D^) of ionization energy is 
deposited by the delta rays at a critical distance (Rc) 
from the particle's path. The spatial distribution of 
ionization energy in the vicinity of the particle trajectory 
is a function of particle energy. This relation indicates 
the existence of a critical dose (Dc) to be deposited at a 
critical distance (R^) from the particle path only above 
which the tracks are formed. 
2.5.5. Radius-Restricted Energy Loss Criterion 
VJith a modification to the Restricted Energy Loss (RED 
criterion, .Radius-Restricted Energy Loss (RREL) criterion 
includes the energy deposited in all the events occurring 
v;ithin the radius r of the particle trajectory. REL neglects 
the ionization events close to that track giving primary 
Importance to the limiting energy Wo. PREL criterion gives 
central importance to the region near the track. Paretzke 
(1977) gave an approximate representation of RREL as, 
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dx ^ R 
P 
( 2 . 8 ) 
where R is the maximum track width and a is a constant for 
the given detector. The radial distance r from the particle 
trajectory is the adjuistable parameter in this criterion. 
Paretzke also defined a parameter - Lineal Event Density, 
(LED) which is the number of primary and secondary ionization 
and excitation events within a radial distance r from the 
track core. Though it is difficult to calculate, the 
quantity can give an accurate representation of track 
formation process. 
A general condition that can be drawn from all the 
models and mechanisms of track formation is that tracks are 
formed by ions at energies for which electronic interactions 
are the dominent mode of energy loss. Etchable damage is 
usually not produced at the very end of the ion trajectory 
where nuclear Interactions are prominent. 
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2.6 Methodology of Track Revealatlon and Scanning 
2.6.1.Track revealatlon 
Revealatlon of track means the fixing and enlarging the 
Image of the latent track formed In a Solid State Nuclear 
Track Detector. Preferential chemical etching, 
electrochemical ethlng, grafting and track decoration or 
precipitation are the common methods for track revelation. 
(a) Track decoration or precipitation 
Chllds and Sllfkln (1962) were the first to 
successfully decorate the fission tracks throughout the 
volume of a Chick single crystal of silver chloride. Tht->y 
employed combination of pulsed light and electric field to 
sweep photoelectrons Into the Interior of the damaged region 
of the single crystal. Latent tracks of multipronged events 
from 1.5 GeV proton Interactions, heavy primary comic ray 
particles and alpha-particles from polonium were visualized 
by this method. Relativistlc protons and alpha particles did 
not give developable tracks with this method but 
relativistlc C,N and 0 groups registered tracks observable 
with the method of track decoration (Childs and Sllfkln, 
1963). Fleischer and Price In 1963 reported an application of 
this method to decorate the tracks in a glass doped with 
silver using adequate heat treatment and electric field along 
the particle trajectory. 
79 
(b) Grafting 
The method involves Che grafting of an appropriate 
copolymer on the chemically active site of the dielectric 
material. The chemically active track core in polycarbonates 
consists of free radicals and broken chains. If the grafting 
reaction is performed with a monomer of acidic property, a 
basic fluoroscent dye can be fixed to the damaged trails. 
The tracks can be seen with a microscope illuminated with 
ultra-violet light, as thin bright lines in a dark back 
ground. Using this method tracks of heavy low energy 
particle and light high energy particles can be observed. 
(c) Electrochemical etching 
Electiochemical etching gives better amplification of 
tracks (upto 300 pm) in the dielectric materials. The 
technique was first suggested by Tommasino (1973). The 
irradiated sample is used to separate a cell, into two halves 
which is filled with a suitable etchant. A high electric 
- 1 
field ( 10 - 50 kV cm ) of sinusoidal type (usually 
several tens of KHz frequency) is applied to the two 
platinum electrodes inserted in each half of the cell 
containing the etchant. In the first step an etch-pit would 
be formed at the track by chemical etching. Then, the high 
electric field build-up in the vicinity of etched track tips 
so 
leads to sparks to form enlarged tracks. The technique can 
be widely applied to neutron, proton and alpha particle 
track revealation in plastic track detectors (Al-Najjar et 
al., 1978) . 
(d) Preferential chemical etching 
Preferential chemical etching is the most widely used 
method in which a rapid dissolution of the disordered region 
of the track core takes place as compared to the undamaged 
bulk material. The method was first used by Young (1958), 
for revealation of the fission fragment tracks in lithium 
fluoride (LiF). Tracks being highly reactive sites, on 
immersing the detector in an appropriate etchant, dissolves 
rapidly to form hollow cylindrical or conical etch pits. Uhen 
the etch pit diameter grows to a comparable size of visible 
light wave length, the tracks can be seen easily with an 
optical microscope (Khan, 1983). With a suitable etching 
reagent the rate of removing the damaged materials along the 
track (V ) is faster than that of bulk material (V ). For the 
T G 
formation of track by chemical etching the rate of etching 
along the track (V ) should be greater than the rate of 
T 
etching of the bulk material (V ). This implies that (V /V ), 
G T G 
which denotes the degree of preferential etching must be 
greater than unity. 
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The nature of track formed in the detector is generally 
characterized by the charge mass and energy of the incident 
particle. Dlfferencesa In these parameters manifest as Che 
change in track etch profile. A schematic diagram of track 
etching is depicted in Figure 2.1 The directly measurable 
quantities of an etched track are the observed etched cone-
length, Le (or the projected track length, Lp, for a track at 
a dip angle) and diameter d of the etch pit opening. The 
track etching geometry relates V , V and the track length L 
T G 
with the measurable etched track parameters, viz. Lg and d. 
Mathematical calculations for etched track parameters 
become comparatively simpler when the etching rate is taken 
to be constant and the particle producing track is supposed 
to be incident normally on the detector surface. In 
accordance with these conditions, the etch-pit will extend to 
a distance 1 from the point of origin given by 
1 = V t (2.9) 
T 
where t is the etching time. However, the surface of the 
detector is also being removed at a rate V and therefore, G 
the observed length of the etch-pit will only be, 
Lg = V t - V t (2.10) 
T G 
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In fact at each point of the track, the bulk material is 
etched out radially also at rate V^. Any point at a distance 
y from the beginning of the track is reached by the etchant 
at a time t(y) =(y/V.p)and there is a residual time t-t(y) 
when the etchant attack the bulk material radially outwards 
from the point at y to a distance Vg(t-t(y)). The three-
dimensional etch pit formed by the locus of all such sphere 
of radius Vg(t-t(y)) leads to the formation of a cone with a 
semi-cone angle 0, given by (Fig. 2.1), 
Sin 0 = = = (2.11) 
L V^t v^ T T 
The semi-cone angle 0 = Sin ^(V^/V^) is also known as the 
'critical angle of etching'. From figure 2.1 it can be seen 
that 
d/2 
= tan 0 (2.12) 
L 
From equation 2.12 and Figure 2.2 it can be obtained that 
tan 0 = Vg/y(V^2 _ ^ (2.13) 
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and equation (2.12) can be written as, 
d = 2V(. L^ _ vg2) (2.14) 
Further, substituting for L^ from equation (2.10) in equation 
(2.14), we get 
d = 2 Vgt [(V^ - + V^)] (2.15) 
Certain conclusions can be drawn from the above equations 
based on the values of V and V . 
T G 
The semi cone angle 0 will be very small if V >>V and 
T G 
the tracks will appear to be long and needle-like. The 
diameter of the surface openings of etched tracks increases 
with increasing V and reaching a maximum of 2V t when V >> 
T G T 
V . 
G 
Now considering the case of a track formed at an 
arbitrary dip angle with the detector surface, the etch pit 
opening will be elliptical with major and minor axes D and d 
respectively. Simple mathematical analysis can yield the 
following relations between track etch parameters and 
observable quantities (Durrani and Bull, 1987). The major 
axis of the track opening is given by 
D = [(V^' -
V^ Stn e + Vg 
and minor axis as 
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(2,16) 
2Vgt [(V^ Sin e - Vg)/(V^Sin 6 + V^)] (2.17) 
Here, it should be noted that, unlike the circular etch pit, 
the axis of the damage trail does not cross the etched 
surface at the centre of the ellipse. 
The observed legnth of the etch pit L ^ can be written 
a:, , 
L = V^ t^ - (V^t/Sin G) e l o (2.18) 
The projected track length L^, the observable quantity in the 
case of oblique incidence is 
L = L Cos e (2.19 
P e 
There is also a geometric limitation for getting 
observable Cracks In the detectors. Tracks of those particles 
which enter the detector surface at an angle less than a 
critical angle given by = sin "^(Vq/Vj) can not be 
observed by chemical etching. Therefore, detection efficiency 
can not be unity. The detection efficiency is defined as 
8G 
= 1 - Sin G^ (2.20) 
= 1 - iVg/V^) 
Therefore, the analysis pertaining to the efficiency of 
detection also indicates that V should be as high as 
T 
possible compared to V for better detection efficiency. 
G 
2.6.2. Methods of scanning 
(a) Electron microscope 
Tracks produced by fission fragments can be seen 
directly by an electron microscope in substances like mica. 
The tracks can be visualized either in diffraction contrast 
mode or thickness contrast mode. In the former mode the 
crystal planes of the detectors are bent such that electrons 
get scattered out of the Bragg reflection image of the 
damaged regions which appear as black streaks. In thickness 
contrast mode the irradiated detector is chemically etched 
and viewed by the microscope to see the tracks as light or 
transparent lines. 
Electron microscopy can be applied only to extremely 
thin (< 3000 samples with fairly high track density (upto 
5 -2 
10 Tracks cm ). Very accurate track dimension 
m easurementj are possible using electron microscopy. 
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(b) Optical microscope 
The tracks formed by chemical etching are usually 
scanned under an optical microscope at ordinary 
magnification. In the case of normal or near normal incidence 
the microscope can be focussed on the surface of the detector 
vjhere the intersection of the track with the surface is seen 
as dark circular spot. By changing the focus one can also 
look into the depth of the track. In the case of oblique 
incidence the track can be seen by changing the focus with 
the help of microscope. To find the track density or total 
number of tracks, area of etched detector surface is scanned 
using an eye piece equipped with a grid-marked graticule. 
The field of view is calibrated with the help of a stage 
micrometer glass slide to find out the scanned area. A hand 
tally counter facilities counting the number of tracks in 
each grid of the eye-piece graticule. Track parameters can 
be measured with the help of a micrometer eye-piece. 
2 5 
Practical limit of visual scanning lie between 10 - 10 
- 2 
tracks cm using optical microscope. 
(c) By naked eye 
Counting of tracks in the Aluminium backed plastic 
detector, developed by Fleischer et al. in 1966, can be done 
by naked eye. In this technique an opaque coating of 
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aluminium Is made on one side of the thin detector whose 
thickness is less than the expected length of the particle 
track. After irradiation, only the detector side is etched 
and the etchant dissolves the thin layer of aluminium at the 
track site making large holes in it which are easily visible 
by naked eye. 
In another method called ammonia scanning technique 
(Block et al., 1969) ammonia gas is made to pass through the 
track channels from one side of the plastic track detector 
to form a replica of track pattern on a sensitized paper. 
This technique is useful for very low track densities viz. 
2 
1 track cm . 
In dye pressing method, a dye is pressed through the 
etched track holes in a thin detector kept close on a 
blotting paper to leave the large spot on it which are easily 
visible to the naked eye (Khan, 1971). This method can be 
- 2 
employed for track densities less than 10 Track cm 
(d) Gas flow or ionic measurements 
In this method, proposed by Fleischer and Price 1963 an 
irradiated specimen of mica serves as a barrier between two 
halves of a cell containing HF solution. The conductivity is 
measured for several specimens as a function of time and a 
reproducible curve can be obtained. This method has only 
S3 
historical importance but not practically applicable due to 
the non-reproducibility of the results. 
(e) Image analysis 
For a speady access of data, many laboratories 
especially in advanced countries have started using 
electronic circuits and computer controlled image analysers. 
With the advent of powerful microcomputers several modern 
automatic image analysers like Quantimet 900, Magiscan 2, 
Leitz T.A.S. and Reichert-Jung IBAS have come in use. These 
scanning systems remove the tedium traditionally associated 
with the manual and ocular measurements of SSNTDs by 
.enhancing tlie speed of evaluation. 
Since these systems are very expensive and require 
advanced and sophisticated fast computers, they can not be 
popularly adopted in developing countries. 
(f) The spark counter 
In 1968 Cross and Tommasino, devised the spark counter 
for scanning the irradiated thin track detectors. A typical 
circuit and electrode design of the spark counter used in our 
measurements are given in figure 2.2. The detector to be 
scanned, is etched such that holes have been made 
along the tracks. The etched detector Is placed on the top of 
the electrode and covered with an aluminized mylar sheet. 
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When the switch is opened the capacitor C is raised to a 
potential E^and the voltage appears across electrodes and 
hence across the etched detector. A discharge takes place 
between negative electrode and aluminlzed sheet across the 
etched track finding an earliest path for the current, the 
current pulse flows due to discharge of C , A voltage pulse 
1 
is appeared across the resistance R, which is processed and 
counted by an external scalar circuit. The spark through the 
etched hole causes a 'burn out' in the thin alumi.nium 
coating and breaks the conducting path for the current 
through that particular track. Due to ceasing of 
shortcircuiting, the voltage across again rises to E^. The 
hole in the aluminium prevents from allowing a subsequent 
spark to take place through it and thus the anode voltage 
rises until a discharge occurs across C another track hole. 1 
The progress is repeated resulting in the recording of a 
second voltage pulse. This sequence continues until all the 
track holes have been counted. 
The method is quick, simple and relatively cheap. The 
number of tracks and spatial distribution of tracks in the 
detector correspond exactly to the holes punched in the 
aluminium foil. The operational voltage usually applied is 
about 500V. A pre-countin^ run at higher voltage (700-900 V) 
is necessary to punch out holes which are originally not 
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completely etched. The requirement that the track holes 
should extend nearly through the plastic, limits Its 
applications to 10-20 pm thick detectors. For fission 
fragment studies thin sheets of Makrofol-KG (Manufactured by 
Bayer AG of Leverkusen, W. Germany) and for alpha particles 
LR-115 Type II cellulose nitrate films (Kodak-Pathe, France) 
are suitable for the spark counting. The method of spark 
3 -2 
counting is limited to a track density upto 10 track cm 
Another problem is the particles incident at a low angle 
which may fail to create an etched track hole across the 
detector. These shallow tracks formed in exposure can be 
reduced to certain extent by using thinner detector foils. 
2.7 CR-39 and LR-115 Type-II Alpha Sensitive Track Detectors 
Dielectric detectors have been extensively used for 
radiation dosimetry as an easy and economic alternative for 
other conventional methods. Several types of detectors are 
available and each of them with unique characteristics for 
specific applications. CR-39 polycarbonate (manufactured by 
Pershore Mouldings, U.K.) and LR-115 Type-II Cellulose 
nitrate (manufactured by Kodak-Pathe, France) are the two 
moct popular track detectoros used in radon dosimetry. 
Corritiion disadvantages like i nhomogenei ty and anisotropy which 
results in Lhc uncvenness oC track profiles, arc found to be 
low in these detectors. 
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(a) CR-39 detectors 
The discovery of CR-39 as a highly sensitive alpha 
track detector by Cartwright et al. in 1978 brought a major 
change in the role of track detectors in science and 
technology. CR stands Cor 'Columbia Resin' and chemically 
CR-39 is a homopolymer of allyl diglycol carbonate which is 
a plastic with exceptional optical clarity. CR-39 is a highly 
cross-linked thermoset plastic prepared by the polymerisation 
of diethylene glycol bis (allyl carbonate) monomer. The 
polymerisation is initiated by radicals and allyl groups are 
added to it. The structure of the obtained polymer is a dense 
three dimensional network consisting of polyallyl chains 
joined by diethelene glycol carbonate links. The formation 
of network during polymerisation is a special case of 
percolation process and can be modelled by a Monto Carlo 
simulation. The model predicts inhomogeneties in cross-
linking density which could explain some anomalous etching 
behaviour of CR-39. Before the polymerisation is complete, 
the system enters a glassy state. The residual mobility in 
glassy state and presence of chemically reactive groups are 
responsible for physlo-chomlcal aging o£ the polymer and the 
changes in the performance of CR-39 with time. The molecular 
structure of CR-39 polymer Is given below: 
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II 
CH2 - C H 2 - O - C - O - CH^ - CH = CH^ 
0 
^ C H 2 - CH2 - 0 - C - 0 - CH^ - CH = CH^ 
II 
0 
CR-39 has similarities with glass in its optical 
properties. It has absolute clarity and abrasion resistance. 
o 
It has a specific gravity of 1.32 at 25 C (2.5 for glass) 
o 
and has retractive Index 1.504 at 20 C (1.52 for glass) 
with almost same light transmission as glass ( 92?o for 0.25" 
thickness) (Pershore Mouldings Data Sheet, P.M. 002). It is 
immune to the effects of virtually all solvants like acetone, 
benzene and gasoline except for scrong bases and highly 
oxidising acids (Hamilton and Clifton, 1981). 
CR-39 homogeneously records alpha particles of a very 
wide range of energy (Table 2.2). Cross linking after 
irradiation does not occur. Hence, effective track resolution 
can be obtained. It has a low threshold detecting ionization 
of Z/f,"^ 6 compared to cellulose nitrate detectors. Studies 
241 
with 5.5 MeV alpha particles from Am showed an excellent 
reproducibility of track production in the detector ever a 
range of curing times and etching temperature (Hamilton and 
Clifton, 1981). CR-39 is insensitive to and x-rays and is 
sensitive to both light and heavy charged particles. It is 
used widely in researches on heavy ions such as composition 
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Table 2.2. Limits of detectble alpha energies for some 
detectors 
Type of plastic 
Lexan polycarbonate 
Makrofo] polycarbonate 
E , (MeV) E (MeV) min max 
0.2 0.4 
CA80-15 cellulose nitrate 
CN -85 cellulose nitrate 
LR -115 cellulose nitrate 
Daicel cellulose nitrate 
0 . 1 4-6 
CR-39 0 .1 >50 
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of cosmic rays 5 heavy ion nuclear reactions, radiation dose 
of heavy particles exploration of superheavy elements and 
magnetic monopoles (Zhai Pengji et al., 1983). 
Addition of small amounts of certain chemical additives 
to CR-39 will enhance its sensitivity, response and surface 
properties. Qualities of CR-39 is found to improve greatly 
by incorporating diocty] phthalate (DOP) in the polymer(Fujii 
and Yokota, 1986). The heavy phthalic acid ester (DOP) acts 
as a plasticizer and improves the etching characteristics. 
Doping of DOP in CR-39 may reduce the sensitivity of CR-39 in 
some cases, due to the presence of aromatic rings in DOP 
(Anupam and Nand Lai, 1991). 
Various investigations on the etching characteristics 
of CR-39 show that the etching conditions can be 1-12M, 
o 
NaOH/KOH at 40 - 70 C depending on the type of the detector 
and nature of tracks (Cartwright et al. 1978; Al-Najjar et 
al, 1980; Amin and Honshaw 1981; Green et al. 1982). In the 
present studies we have used an optimum etching condition 
o 
of 6N NaOH at 70 + 1 C for 10 h for CR-39. 
CR-39 has established its realm not only in radon 
dosimetry but also has enormous applications in science and 
technology ranging from heavy ion studies to autoradiography 
(Fews and Henshaw, 1984). Among the the plastic track 
97 
detectors CR-39 has maximum track registration efficiency. 
Alfa particle latent damage trails are highly stable upto an 
o 
annealing temperature of 200 C (khan and Ahmad, 1981). It has 
a combined linear and superllnear response (Luck, 1982) and 
records efficiently the alpha tracks of energy upto tens of 
MeV and protons upto -^10 MeV. 
When used in radon dosimeters, CR-39 record tracks 
of all alpha particles originating from radon and its 
progeny. It is sensitive to airborne radon progeny as well 
as to those plated out on the detector (Domanski et al., 
1984). Therefore, the measurements of airborne alpha activity 
especially used in 'Bare' mode, may result in uncertainlty 
due to the possible over-estimation caused by the plate-out 
effect. It has been reported that the error due to plate-out 
effect can be as high as 30% In CR-39 (Wrong, 1985). A proper 
calibration, taking plate-out into account and by 
discriminating against small tracks while counting can 
minimize the error to a great extent (Khan et al., 1989). 
(b) LR-115 detectors 
Kodak-Pathe of France produces different types of 
cellulose nitrate films to be used as Solid State Nuclear 
Track Detectors, mainly for radon dosimetry and neutron 
radiography. Films named as CN 85 consist of 100 pm thick 
sheet of cellulose nitrate capable of recording tracks of 
9S 
ionizing particles in them. These films are coated with 
lithium borate dispersed in a water soluble binder and are 
widely used to obtain neutron radiographic images by means of 
the (n, a ) reaction. It is also used for recording very 
heavy ions in cosmic rays and for detecting spallation 
products arising from very heavy energy particles. 
LR-115 films consist of a thin layer of cellulose 
nitrate coloured deep red coated on a 100 |jm thick polyester 
base. Only the cellulose nitrate layer (6 pm for Type^I and 
12 fim for Type-II films) having chemical composition of 
specific gravity 1.4 is sensitive to 
radiations. Another class of LR-115 films Type IB and Type 2B 
have a lithium borate converter screen coated on the 
sensitive cellulose nitrate layer . Unlike CN-85 films, LR-
115 films are made to convert each impact by an ionizing 
particle to a perforation in the coloured sensitive cellulose 
nitrate layer. The scanning of the tracks under a microscope 
is facilitated by the great contract between the perforation 
and background. 
LR-115 Type-II films are sensitive to alpha particles 
of energy range 0.1 MeV to 4 MeV and are unaffected by 
electrons. X-rays, Y-rays and infra-red radiations. They 
are to be handled with care due to the possible abrasion by 
mechanical rubbing, folding or pressure. Surface active 
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agents like detergents, organic solvents, etc. can lead to 
adverse reactions with the sensitive film. Depending on the 
type of the film, cellulose nitrate olastics can have etching 
o 
conditions 1-12M NaOH at 40-70 C for different duration 
(Fleischer et al., 1965b). The optimised condition for Type-
o 
II film is 2.5N NaOH, at 60 C for 90 min. The scanning of 
the detector can be done with an optical microscope or a 
spark counter. The top sensitive thin layer of the LR-115 
Type-II film can be floated off its polyester base by 
soaking in warm water or can be pelliculed for spark 
counti ng. 
Since the detector is sensitive to only a specific 
range of energy, it is ideal for the use as a radon dosimeter 
even in the 'Bare' mode as it is free from plate-out effect 
it can provide better results then CR-39 in dusty 
atmospheres where plate-out effect will cause a lot of 
uncertainity in radon and its progeny level measurements 
(Abu-Jarad et al.,. 1980). 
2.8 Heavy ion detector - Makrofol-KG 
Makrofol polycarbonate is manufactured by Bayer AG of 
I.cverkusen, West Germany. Various types of Makrofol (KG, KL, 
E, N, etc.) produced by different processes of manufacturing 
are expected to behave in different ways. Makrofol is 
prepared by a casting process into the form of thin sheets. 
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Makrofol detectors have high etching efficiency ( Y\ > 907=) 
among the heavy ion track detectors. It has specific gravity 
1.29 and molecular composition of C H O 
1 6 1 4 3 
Polycarbonate plastics which are most useful as fission 
were originally used as insulators in electrical devices. 
They record tracks of oc - particles of energy from 
0.2 MeV to ^ 3 MeV. The tracks produced by heavy ions and 
fission fragments are needle like with a slight spread 
towards its tail. High energy ions can penetrate through 
the detector to form holes in the detector sheet (Kumar et 
al., 1992). Etching conditions can vary from 1- 12M NaOH/KOH 
o 
and temperature between 40 and 80 C depending on the type 
of the polycarbonate. For Makrofol-KG the etching conditions 
o 
used by us is 6.25N KOH at 60 + 1 C for 20 min. The scanning 
of the tracks can be performed with an optical microscope, 
typically at 400 X magnification or by a spark counter. 
As a fission track detector Makrofol-KG can be 
successfully employed in microanalysis of uranium. Being 
insensitive to thermal neutrons, thermal resistant and free 
from handling problems it has strong potentialities to be 
used in fission track registration experiments. 
2.9 Environmental effects on detectors 
Generally, Solid State Nuclear Track Detectors are 
least sensitive detectors to environmental effects. Mineral 
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and glasses are relatively insensitive to several working 
conditions. For polymers the environmental effects within 
normal variations are ignorable except for extreme 
conditions. CR-39 prior to alpha Irradiation was found to get 
o 
both V and V increased after preannealing at 100 C for 
G T 
10-15 h, but V /V was not altered much (Al-Najjar et al., 
T G 
1980). The most Important effect duilng expusmre was the 
Increase of sensitivity, caused by che presence of oxygen 
(Benton, 1970). Exposure of polycarbonate to ultra-violet 
radiation after Irradiation, was found to get increased 
(V /V ) due to the increased etchabllity. (Benton and Honke, 
T G 
1969). The etching parameters - etchant temperature and 
concentration - and the effect of etch products in the 
etching solution have found to influence the detector 
etching sensitivity very much. Cellulose nitrate has been 
found to show a complex behaviour with the variation in 
etchant strength (Enge et al., 1974). Polycarbonates retain 
their tracks upto a temperature at which it becomes viscous. 
Normally, plastic detectors are insensitive to beta and 
gamma radiations. But cross-linking and other effects of 
polymer degradation can occur when exposed to heavy doses of 
gamma radiation. 
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CHAPTER III 
CALIBRATION OF CR-39 AND LR-115 TYPE II NUCLEAR TRACK 
DETECTORS 
3.1 Introduction 
The well established fact that radon and its alpha 
218 214 
active progeny ( Po and Po) can be carcinogenic not only 
in undcr^^round mines but also in dwelling conditions demands 
the precise and accurate measurement of their levels in 
indoor atmosphere. Several techniques have been established 
for the measurement of radon and its daughter products based 
on the detection of alpha and gamma radiations from their 
radioactive decay. Determination of their concentration 
averaged over a long period can be had only by integrating 
techniques. This cannot be performed by solid state 
electronic devices due to the operational difficulties with 
them. Solid State Nuclear Track Detectors are widely used for 
obtaining Integrated levels of radon with adequate accuracy. 
These detectors are ideal for environmental monitoring of 
radon levels and to obtain annual average concentrations with 
extremely low analysis costs. Uncertainities due to the 
randomness of radioactive decay are comparatively low when 
this method is used. Nuclear track detectors are also widely 
used in many diverse scientific areas such as uranium 
exploration (Fleischer and Mogro-Campero, 1982) to obtain 
premonitory signals from earthquake ''Fleischer and Mogro-
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Cr^ iiipero, 1978), microanalysis of boron and uranium in various 
materials (Armijo and Rosenbaum, 1967; Carpenter, 1972; 
Bansal et al., 1992; Rawat et al., 1992; Jojo et al., 1993) 
and even in astrophysics and cosmic ray studies (Fleischer 
et al., 1967; Smith et al., 1974). 
In all the measurements using nuclear track detectors 
it is necessary to calibrate the detectors under the 
simulated conditions existing at the place where the 
measurements are to be made. Reports o£ calibration of 
various track detectors such as Terradex track etch detectors 
(Alter and Fleischer, 1981; Savage, 1983), LR-115 Type II 
film of Kodak Pathe (Subba Ramu et al., 1988; Ramachandran et 
al . , 1989) and CR-39 plastic detectors (Urban et al ., 1985; 
Singh et al., 1986; Khan et al., 1990) are available in the 
literature. A few calibration intercomparisons between 
laboratories which make airborne radon measurements have 
also been reported (Fisenne et al. , 1983; Miles et al., 
1984). In the present calibration experiment CR-39 (Pershore 
Mouldings, U.K.) and LR-115 Type II (Kodak Pathe, France) 
detectors have been calibrated in various modes of exposure. 
The calibration experiment was carried out at the 
Environmental Assessment Division (EAD), Bhabha Atomic 
Research Centre (BARC), Bombay, India. The experimental set 
up used is well known for its performance and accuracy. An 
lOS 
earlier calibration experiment performed with this system was 
repeated by Australian Regional Laboratory, Melbourne, 
Australia, as part of the Asian/Australian Regional 
Intercomparison programme for radon and its daughters and the 
results were found to be within + 10% of the absolute values 
(Subba Ramu et al., 1990). 
'Bare', 'Open cup' and 'Cup with membrane' were the 
modes undertaken for the calibration experiment. Terradex Cup 
(Developed by Terradex Corporation, U.S.A.), Radon Dosimeter 
(Developed by Department of Atomic Energy, Govt, of India) and 
our own developed dosimeters with economically cheap 
membranes, commercially available in India were employed in 
the experiment. The detectors used were CR-39 (100 pm thick 
having 90 h curing time) and LR-115 Type II. CR-39 is a very 
sensitive detector having alpha particle detectable limits 
from 0.1 MeV to 50 MeV and can record alpha tracks of 
airborne and plated out radon daughters. LR-115 detectors 
record tracks of alpha particles of energy from 0.1 MeV to 4 
MeV and is not sensitive to alpha particles emitted from the 
radon progeny plated out directly on the detector. 
The calibration experiment was carried out in two 
parts. In the first part, a number of latex membranes easily 
available have been tested for their penetration 
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characteristics for radon ( Rn) and thoron ( Rn). This is 
based on the wide difference in radioactive half-lives of 
gaseous radioisotopes (radon and thoron) which provide a 
convenient property for their separation uslny suitable 
membranes. The differences in the decay rates lead to 
different mean diffusion distances. The delay of the 
diffusion of both radon and thoron while passing through the 
membranes results in the decay of thoron, thereby 
discriminating it effectively. An ideal barrier (membrane) 
should allow the radon to pass through without any 
significant reduction while preventing the shorter lived 
thoron diffusion. In the second part of the experiment the 
actual calibrations of CR-39 and LR-115 Type II detectors 
were carried out in different modes m d assemblies in a set 
of experiments in an exposure chamber, simulating the 
atmospheric conditions. 
3.2 Modes and Configurations of Exposure 
For the measurement of various entities related to 
radon, different modes and configurations are to be chosen to 
suit the experimental environment. For example, in an 
atmosphere with radon and thoron, 'Cup with membrane' 
configuration is suitable for determining radon levels. 
Various modes of exposure employed in the calibration 
experiment are discussed in the following paragraphs. 
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3.2.1. Modes of exposure 
The nuclear track detectors used in the experiment were 
2 
sma]l pieces of CR-39 and LR-115 detectors of 2x2 cm size. 
In 'Bare' mode configuration the detector was mounted flat 
on a thick card such that the sensitive face of the detector 
is exposed to a hemisphere of air of radius atleast 6.9 cm, 
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the range of Po alpha particles in air. No other surface 
should be there closer than this range because the plated 
out radon daughters on these surfaces would add an 
indeterminant alpha source to be registered on the detector. 
The track density of the 'Bare' detector wi]1, therefore, be 
a function of radon concentration as well as the degree of 
its radioactive equilibrium with the daughter products. 
Usually the track density on the 'Baf-c' detector is related 
to the Potential Alpha Energy Concentration (PAEC) expressed 
in 'Working Level' (WL) units. Working level is the 
concentration of any combination of radon daughters that 
5 
correspond to 1.3 x 10 MeV of potential alpha energy per 
litre of air. 
In 'Cup' mode of exposure, radon diffuses into a 
closed chamber equipped with the track detector. Radon and 
its daughters in the given volume and plated out on the walls 
of the chamber register tracks on the detector. In 'Open cup' 
mode the mouth of the cup (chamber) is open allowing the 
Ill 
free entry of radon, its isotopes and their airborne progeny. 
This mode of exposure has reportedly been used in many soil 
air radon measurements for mineral exploration and detector 
of seismic events (Sadovasky, 1972; Fleischer and Mo^ro-
Campero, 1978). Open cup fixed to the experimental surface 
is also widely used for radon emanation measurements from 
different surfaces and materials (Abu-Jarad et al., 1980; 
Khan et al., 1988; Rawat et al., 1990; Rawat et al ., 1991). 
In 'Cup with membrane' mode, the mouth of the dosimeter 
cup is covered with a semipermeable membrane which slows 
down the diffusion of the noble gases. This assembly can be 
successfully utilised to eliminate thoron interference in 
radon measurements. The short lived radon isotope (thoron) 
decays within the membrane during diffusion through the 
membrane and, therefore, the assembly is called a 'radon 
only' device. The track density on the detector in 'Cup 
with membrane' mode can be directly correlated with the 
radon activity. 
3.2.2. Different dosimeter cups 
A number of dosimeters were calibrated in the present 
experiment to suit different experimental conditions. Their 
geometry and uses are briefly discussed below. 
The Conical Plastic Cup (CPC) used in the experiments 
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has dimensions similar to the Terradex dosimeter cup: 9.5 cm 
height, 6.8 cm diameter at the open end and 5.4 cm diameter 
at the bottom (Fig. 3.1) . The thickness of the walls of the 
cup Is about 1 mm. Semipermeable membrane can be easily fixed 
at the open mouth of the cup with an annular plastic lid. 
This assembly can be used in many measurements like radon 
exhalation rate, soil air radon etc. 
The second type of dosimeter used for calibration was a 
cylindrical Plastic Cup (PC) having 4.5 cm height and 7 cm 
diameter (Fig."3.1). The thickness of the walls of the cup 
was about 0.5 mm. This type of cup is easily available in 
India. This type of cup has been successfully used in various 
measurements of radon exhalation rate from building 
materials (Abu-Jarad et al ., 1980; Rawat et al., 1990; Rawat 
et al., 1991) and soil air radon measurements (Jojo et al., 
1991). It is also used for radon measurements in dwellings. 
The other dosimeter used in the experiment is developed 
by the Department of Atomic Energy (D.A.E.), Govt, of India 
for radon dosimetry in dusty environments prevailing in 
mines, coal fired thermal power plants etc. (Fig. 3.2). The 
dosimeter has a diffusion chamber made of plastic with 
optimised dimensions and has a protective perforated cap to 
prevent the direct entry of dust into the chamber. Unlike 
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terradex type dosimeters (CPC), DAE Dosimeter (DD) is 
suspended with its perforated cap facing ground. A semi-
permeable membrane fixed inside the dosimeter divides the 
chamber into two portions and the inner portion serves as a 
'radon only' device. The dosimeter has an internal diameter 
of 5.9 cm and has about 100 ml internal volume. 
3.3 Experimental Details 
Exposures of the detectors for calibration were carried 
out in a calibration chamber with the following controlled 
conditions to simulate the indoor atmosphere. 
(a) Precisely known levels of radon and its progeny 
(b) Uniform distribution of the contents in the chamber to 
enable simultaneous exposure of several detectors. 
(c) Aerosols of known size and concentration. 
3.3.1. Experimental Set up 
Schematic diagram of the main apparatus used for the 
calibration experiment is shown in the figure 3.3. The entire 
set up of the experiment consists of: 
(1) Calibration chamber: 
3 
A cubical wooden box of 0.5 m capacity with two inlet 
and one outlet ports and a viewing glass panel are the major 
parts of the calibration (Exposure) chamber. For the 
introduction and removal of the detectors there is an air 
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1. Sti rrer 9. Aerosol free ai r 
2. Temperature controls 10. Reheater 
3. Thermostats 11. Calibration chamber 
4. Platinum wire 12. Bare detector 
5. Nitrogen 13. Cup with membrane 
6. Boiler 14. Open cup 
7. Fi1ter 15. Fan 
8. Radon source 
Figure 3.3: Schematic diagram of the experimental set-up 
used for calibrations of detectors. 
il7 
tight circular window. Through inlets filtered air, aerosols 
as well as radon gas are introduced into the chamber. The 
outlet is used for flushing out the contents in the chamber 
between each experiment. A fan fixed inside the chamber 
enables the uniform distribution of the aerosols and radon 
gas inside the chamber. 
(ii) Radon source: 
Radium nitrate solution in 150 ml of IN HNO with an 
3 
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activity of 1.85 X 10 Bq of Ra was the radon source used 
in the experiment. Radon emanating from this solution kept in 
a flask was carried by filtered nitrogen gas passing above 
the solution surface to the calibration chamber through an 
inlet. A set of preliminary standardisation experiments were 
carried out to ensure the constant radon generation and to 
obtain a specific activity of radon for a given flow time 
of the carrier gas at a rate of 1 litre per minute (1pm). 
Using this standard the desired concentration of radon can be 
obtained for various flow time of radon carrier gas. 
(iii) Aerosol generator and particle counter: 
Another important part of the experimental set up was a 
LaMer-Sinclair type condensation aerosol generator. The 
design and operation of this apparatus have been discussed In 
detail in the reference Subba Ramu, 1978. This aerosol 
generator produces a laminar flow of monodispersive aerosols 
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of di-2-ethyL hexyl sebacate condensed on NaCl nuclei. By 
adjusting the temperature of the reheater and the boiler 
(Fig. 3.3) monodispersive aerosols of 0.1 - 0.2 fjm diameter 
can be obtained. Aerosols of desired size can be introduced 
into the calibration chamber through the inlet. The aerosol 
size chosen in the experiment was 0.2 ^m which was found 
quite stable during the course of the experiment. Aerosol 
stream can be diluted by a flow of filtered air. The 
concentration of the aerosols inside the chamber was measured 
using a Rich Small Particle Counter (Rich, 1955). 
(iv) Filter paper sampler and alpha counting unit: 
During the experiment, concentration of radon and its 
daughters were measured by collecting aerosols from the 
calibration chamber on a millipore filter paper (type AA) 
having 0.8 pm pore size by sucking a known volume of air. 
This was carried out using a vacuum pump at a flow rate of 10 
1pm for about 5 min. Counting of alpha activity on the filter 
paper was done by a ZnS (Ag) counter having a background of 
30 counts per hour and 45% efficiency. From the alpha counts 
concentrations of radon, PAEC in WL units and the equilibrium 
factor (F) were estimated using a computer program based on 
the weighted least-squares method considering all the 
radioactive decay at different decay times (Rangarajan and 
Dutta, 1976). Atleast three air filter samples were taken in 
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equal intervals of 8 h during the experiments. The relative 
o 
humidity and the temperature of 807o and 25 C respectively 
were maintained throughout the experiment. 
3.3.2. Permeability test for membranes 
As mentioned earlier, the first part of the experiment 
was devoted for testing the penetration characteristics of 
radon and thoron through different membranes made of natural 
latex rubber. The specifications and details of the membranes 
are given in the table (3.1). The purpose of using these 
membranes is primarily to avoid the interference due to 
thoron in 'radon only' measurements. The most important 
factor which determines the suitability of a membrane is its 
permeability constant (k). This was determined by measuring 
the concentrations of the radon isotope (radon or thoron) in 
the calibration chamber and inside the dosimeter cup fixed 
with the membrane. Another constant, the discrimination 
factor (R ) determines the suitability of the membrane for a 
f 
'radon only' device. For the effective discrimination of 
thoron, Ward et al. (1977) suggested a value of R as 0.9 
f 
for radon and 0.01 for thoron for an acceptable criteria. In 
real terms it means that the membrane should allow more than 
907o of radon to be detected but only 1% of thoron will be 
allowed. For the experimental determination of the 
permeability constant (k) and the discrimination factor 
1 2 0 
Table 3.1. Specifications of membranes 
Code No. Manufacturer Average Surface 
thickness density 
2 ji.Ti mg/cm 
H London Rubber Co. Ltd.,Madras 80.0 9.2 
L3 
Hindustan Latex Ltd., 
Trlvandrum 
Polar Latex Ltd., Calcutta 
40.0 5.0 
57.5 7.1 
h 
Hindustan Latex Ltd., 
Trivandrum 
Hindustan Latex Ltd., 
Trivandrum 
60.0 7.1 
35.0 4.5 
Table 3.2. Thoron permeability through the membranes 
Membrane Permeability 
constant (k) 
2 -1 cm sec 
Discrimination 
factor (R^) 
0.128 X 10"^ 1.67c 
0.070 X 10"® 1.87o 
L3 0.118 X 10"^ 2.17o 
L4 0.105 X 10"^ 1.87o 
L5 0.081 X 10"® 2.47o 
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(R ), the detectors in 'Bare' and 'Cup-with-membrane" modes 
f 
were exposed simultaneously in thoron and later in radon 
rich atmosphere in the calibration chamber under the steady 
state conditions of temperature and pressure. Five types of 
membranes viz. L , L , L , L and L were tested. The thoron 
1 2 3 A 5 
source was thorium nitrate powder. The radon source in this 
part of the experiment was powdered uranium ore which was 
free from thorium. 
Conical Plastic Cups (CPC) equipped with the detectors 
and membranes were first exposed to thoron in the calibration 
chamber for 24 h. Subsequently the detectors were etched and 
the tracks were counted optically using microscope. From the 
track densities and other parameters of the membranes the 
values of k and R were obtained using the relation 
f 
(Ramachandran et al, 1987). 
k =[ViV2;\c$/A (Vj^+V2)] [ C2 / (C1-C2) ] (3.1) 
— 2 - 1 
Where k- Permeability of the membrane (cm s ), 
V^-Volume of the calibration chamber (cm^) 
V2-Detection volume (cm ) 
X -Decay constant of the radionuclide (s~^) 
(^-Thickness of the membrane (cm) 
A-Area of the mouth of the cup (cm^) 
C^-Track density of the 'Bare' detector (Tracks cm"^) 
C2-Track density of the detector in the dosimeter 
(Tracks cm"^) . 
In 
to 
122 
equation (3.1) V^ >> ^^ and the equation can be reduced 
k =[V2A<5/A] [ C2 / iC^-Ci) ] (3.2) 
Discrimination factor R^ has been estimated by the equation, 
R^ = [ kA/ (kA+A^V2) ] (3.3) 
For the five membranes the values of R was found to vary 
from 1.6% to 2.4%. The values of k and R for all the 
f 
membranes are cited in the table 3.2. The membranes were 
then tested for their penetration characteristics for radon. 
A similar experiment with radon showed that the R value for 
f 
L was 0.66 and that for L was 0.9 (Table 3.3). The 
1 5 
membranes having the extreme values of R were chosen for 
f 
use in the calibration experiment. The calibration experiment 
was performed with both of these membranes used as thoron 
discriminator. 
3.3.3. Calibration experiment 
The second part of the experiment was the calibration 
of the detectors with various modes of exposure and 
assemblies with the selected membranes. The three modes of 
exposure namely 'Bare', 'Open cup' and 'Cup with membrane' 
and the dosimeters (CPC, PC and DD) have already been 
described in detail in the earlier part (3.2). 
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Table 3.3. Radon permeability through the membranes 
Membrane Permeability Discrimination 
constant (k") factor (R£) 
2 -1 cm sec 
0.005 X 10"® 66% 
L^ 0.010 X 10'® 687o 
L3 0.015 X 10"® 76% 
L^ 0.018 X 10"® 78% 
L3 0.025 X 10"® 90% 
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As the first step of the experiment, the calibration 
chamber was flushed with filtered air for a long time to 
remove the residual contents left out from the previous 
experiment. The chamber is then filled with fresh aerosols 
from the aerosol generator alongwith the filtered air. The 
concentration of the aerosols in the chamber was maintained 
at a particular level throughout the experiment. It was found 
that the diffusional and depositional losses of aerosols were 
minimum during the experimental period. After achieving 
uniform and desired concentration of aerosols in the chamber, 
radon gas was introduced into the chamber by flushing 
nitrogen gas over the radium nitrate solution. A desired 
quantity of radon gas was obtained in the chamber by 
introducing the gas for a fixed duration. Subsequently, all 
the detectors in various configurations were introduced into 
the chamber. Open cups were kept on the floor with their open 
mouth upside. All other dosimeters were exposed by hanging 
in the chamber. There was a minimum distance of 10 cm between 
each detector exposed. The exposure time was decided 
according to the concentrations of radon and aerosols in the 
chamber so as to record enough and statistically reliable 
number of tracks on the detectors. The levels of radon and 
aerosols were periodically measured throughout the course of 
the experiment. After exposure all the detector pieces were 
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chemically etched and scanned to obtain the track densities 
recorded in each detector. CR-39 detectors were etched in 
o 
6N NaOH at 70 + 1 C for 10 h and LR-115 Type II detectors in 
o 
2.5N NaOH at 60+1 C for 90 min in a constant temperature 
water bath. Counting of the tracks on CR-39 detectors was 
done by an optical research microscope at a magnification of 
400X. LR-115 Type II films were scanned optically using the 
microscope and also with a Spark Counter exclusively 
designed for this type of detectors (Durrani and Bull, 
1987). About 500 tracks were counted on each detectors to 
minimize the statistical error due to counting. 
Similar nine sets of calibration experiments were 
carried out with the same detector assemblies for different 
concentrations of radon and aerosols keeping the other 
parameters like size of aerosols, temperature and humidity 
the same. The details of exposures are given in table 3.4. 
Detectors exposed in 'Bare' mode were calibrated 
against the Potential Alpha Energy Concentration (PAEC) of 
radon progeny expressed in Working Level (WL) units. 'Open 
cup' and 'Cup with membrane' configurations were calibrated 
-3 
to the radon concentrations measured 5n Bq m . From the nine 
experiments, nine sets of points of track production rate 
-2 -1 -3 
(Tracks cm d ) and radon level (WL or Bq m ) were 
available to plot the calibration graph for each assembly. 
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To obtain a linear relationship, the principle of least 
square fitting was employed. 
3.4 Results and Discussion 
Two membranes namely L and L were selected from the 
1 5 
penetration characteristics study of all the five membranes 
in the first part of the experiment for lise as thoron 
discriminators. Calibration experiments were carried out in 
order to evaluate the relatlonshio between the track 
production rate on the detectors with the radon concentration 
-3 
in terms of Bq m and the radon progeny concentration in 
working level (WL) units. A wide range of radon 
-3 -3 
concentrations from 348 Bq m to 1394 Bq m and the WL from 
0.0746 to 0.3696 were used for the calibration. Tables 3.5 
and 3.6 present the track production rates and calibration 
factors for different radon dosimeters using LR-115 Type II 
detectors with membranes L and L respectively. Figures 3.4 
1 5 
shows the variation of track production rate with radon 
activity in LR-115 Type II detector with membrane L for PC 
1 
and CPC and figure 3.5 for the DD dosimeters. The 
corresponding graphs with membrane L are presented in 
figures 3.6 and 3.7 respectively. For CR-39 detector radon 
dosimeters PC and CPC were calibrated only with the membrane 
L (Table 3.7) and the calibration graph is given in Figure 
1 
3.8. Table 3.8 depicts the track production rates and 
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calibration factors obtained for LR-115 Type II and CR-39 in 
'Bare' mode against radon progeny concentrations in terms of 
WL units. Weighted Mean (WM)^ Arithmetic Mean (AM), Standard 
Deviation ( SD) and Relative Stands rd Deviation (RSD) are 
also shown in each case. Dashes in the tables indicate the 
detectors which were damaged or could not be exposed in the 
experiment. The figure 3.9 is the graph plotted between the 
track production rate and WL obtained from 'Bare' mode of 
exposure. The calibration factors from the experiments were 
- 2 - 1 
found to be 1504 Tracks cm d / WL for CR-39 detector and 
- 2 - 1 
442 Tracks cm d /VJL for LR-115 Type II detectors. These 
values are within 15% of the earlier reported values 
(Chruscielewski et al., 1982; Miles and Diew, 1982; Subba 
Ramu et al., 1988; Khan et al, 1990). 
Table 3.9 highlights the results of the calibration 
experiments for LR-115 and CR-39 detectors using 'cup with 
membrane' mode. For 'open cup' mode both types o£ detectors 
in PC and CPC dosimeters were calibrated. The 'open cup' 
exposures were made only from the fifth exposure of the 
experiment. Therefore, only five points were available to 
plot the calibration graph. Figures 3.10 and 3.11 are the 
calibration graphs in 'open cup' mode for LR-115 Type II and 
CR-39 detectors respectively. Track production rates and 
calibration factors are cited in the table 3.10. 
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3.5 Conclusion 
From the calibration experiment the objectives of 
selecting a commercially available and economically cheap 
membrane suitable for 'radon only' device and calibration of 
the track detectors (CR-39 and LR-115 Type II) in various 
modes of exposure have been achieved. The membranes tested in 
the presence of high concentrations of thoron :ln calibration 
chamber are found to be efficient in eliminating thoron and 
can be used in 'radon only' devices. The calibration 
provides the best use of track detectors for the passive 
measurement of integrated radon exposure and the 
determination of equilibrium factor in dwellings. The 
detector exposed in 'Bare' mode gives the measurement of 
radon progeny concentration in terms of WL units and 'cup 
with membrane' mode provides the radon activity concentration 
(Subba Ramu et a]., 1990). However, the use of CR-39 in 
'Bare' mode is not recommended as 'Bare' CR-39 is subjected 
to large uncertainities due to plate-out of radon progeny on 
the detector surface. LR-115 is free from this complication, 
since no etchable tracks are formed by the plate-out of 
radon progeny on the detector surface. 
The results of the present calibration experiment show 
the relationship between the track production rate and the 
radon concentration as well as WL in the exposure chamber. DD 
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radon dosimeter with membrane can be applied in the mine 
environment where the deposition of dust on the surface of 
the bare detector supplies extra alpha particles from their 
own activity and possibly obstructing the airborne sources 
from recording the alpha tracks for which the detector is 
designed to. 
Though a wide range of radon concentrations has been 
used in the calibration experiments, the levels are higher 
than those normally encountered in dwellings except in mines. 
However, the calibration results show that the response is 
linear and hence the calibration graphs can be extrapolated 
and can be used for the measurements of lower 
concentrations also. 
The variation of _+ 15% from the available 
calibration values can be attributed to the possible 
difference in the detector response and sensitivity. 
Therefore, it is desirable to calibrate the detectors of 
different batches for obtaining the radon activity from the 
recorded track densities. The high linear correlation 
coefficients for most of the calibrations and the values of 
relative standard deviation indicate the close relationship 
between radon/ radon progeny concentration with the track 
production rate. 
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CHAPTER IV 
STUDY OF RADON AND ITS PROGENY 
4.1 Introduction 
The interest in the study of radon is mainly due to its 
detrimental effect on human beings. Since it occurs in nature 
man has always been exposed to radon and its progeny mainly 
through inhalation. The health hazards associated with the 
inhalation of air in mine environments have been recognized 
since the miners in Central Europe suffered from 
'Schncebergkrenkheit' in sixteenth century. Only in this 
century the occurrence of lung cancer among uranium miners 
lead to the identification of radon gas and its progeny as 
the real cause of cancer. The dose received by human beings 
from indoor radon is by far the largest of all received 
either from natural or man-made sources. It has been 
estimated that about 15,000 to 20,000 deaths occur in United 
States annually by radon exposure in high levels (Evans, 
1966). The carcinogenic effect of radon and its progeny is 
believed to be increased more than tenfold in cigarette 
smokers (Eisenbud and Paschoa, 1989). The major source of 
exposure consists of radon and its progeny occurring in 
dwellings. Radon in dwellings is mainly originated from the 
ground below and building materials. Other sources of indoor 
radon include natural gas, water and emission from geothermal 
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plants. Mining and storage of waste (tailings) of uranium 
ore and burning of coal for energy production can give rise 
to occupational exposure to the workers. Though there is no 
hard epidemiological data to prove the effects of radon and 
its progeny on the public, their detrimental effects can be 
estimated by extrapolating from the information obtained from 
the uranium miners (UNSCEAR, 1982). In the present study 
various aspects and entities related to radon and its progeny 
have been investigated. This includes indoor radon levels in 
terms of their potential alpha energy concentration, soil air 
radon studies, radon exhalation from building materials, 
seasonal fluctuations of indoor radon levels and 
investigations of radon levels in a coal fired power plant 
and its vicinity. Effects of radon and its progeny inhalation 
were also studied and evaluated as the effective dose 
equivalents and risk estimation. 
4.2 Radon Dosimetry 
Indoor radon needs special attention since both the 
individual and the collective doses from radon are higher 
than from any other natural source of radiation. Radiation 
Induced malignant diseases are the most important late 
somatic effect in human beings exposed at high doses. 
Ionizing radiation causes both deterministic and stochastic 
effects in irradiated tissues. 
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Through proper radiological protection, deterministic 
effects can be avoided by setting up the radiation exposure 
below the threshold levels. Stochastic effects can occur even 
at the lowest doses and, therefore, has to be taken into 
account at all levels. If the dose is large enough, 
deterministic effects result from the killing of the cells 
and lead to the cell loss to impair the function of the 
tissue. The threshold doses for deterministic effects are of 
a few Gray (Gy) or dose rates of a fraction of a Gy per year 
(ICRP, 1990). Stochastic effects can take place when a 
partial damage is caused rather than the killing of the cell. 
This modified somatic cells after a prolonged time can 
develope Into a cancer. The probability of cancer resulting 
from radiation increases with increment of dose, probably 
without any threshold. The severity of cancer is not affected 
by the dose. The stochastic effect which occurs in genetic 
cells can be transmitted to the later generations and are 
appeared in different forms and severity, known as 
hereditary. Radiation dose can be expressed in many ways like 
absorbed dose, dose equivalent, effective dose equivalents 
etc. The absorbed dose of radiation is the energy imparted 
per unit mass of the tissue. The unit of absorbed dose is 
Joule/kg for which a special name 'Gray' (Gy) is used 
(UNSCEAR, 1988). Different types of radiation have different 
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Relative Biological Effectiveness (RBE). The REE of one type 
of radiation to a reference type of radiation (X or V-rays) 
is the inverse ratio of the absorbed doses of the two 
radiations needed to cause the same degree of the biological 
effect for which the RBE is given. The absorbed doses of 
various radiations are multiplied by these values to derive 
doses weighted for the purpose of radiation protection. 
Recently a new quantity the 'equivalent dose' has been 
established. The equivalent dose in a tissue or organ is 
given by weighing the absorbed dose by the radiation 
weighing factor, W . Another quantity the 'Effective Dose" is 
R 
formed by weighing the equivalent dose by the tissue 
weighing factor, W and summing over the tissues. The time 
T 
integral of the effective dose rate following the intake of 
a radionuclide is called the committed effective dose. The 
unit of both equivalent and effective dose is the 'Seivert* 
(Sv). The values of radiation weighing factor, W and the 
R 
tissue weighing factor, W are given in the table 4.1 and 4.2 
T 
respectively (ICRP, 1990). 
Many factors are to be considered while evaluating the 
dose due to radon and its progeny. These include aspects 
related to the aerosol characteristics, inherent 
characteristics of radon progeny and the mass of the tissue 
irradiated by the radon daughters deposited in the human 
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Table 4.1: Radiation weighing factors 
Type and energy range Radiat. Weigh, 
Fact. Wj^  
Photons, all energies 1 
Electrons and muons, all energies 1 
Neutrons, energy <10 KeV 5 
10 KeV to 100 keV 10 
>100 KeV to 2 MeV 20 
>2 MeV to 20 MeV 10 
>20 MeV 5 
Protons > MeV 5 
oc 5 fission fragments, heavy nuclei 20 
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Table 4.2: Tissue weighing factors 
Tissue or organ Tissue weigh. 
Fact., W^ 
Gonards 0.20 
Bone marrow (red) 0.12 
Colon 0.12 
Lung 0.12 
Stomach 0.12 
Bladder 0.05 
Breast 0.05 
Liver 0.05 
Oesophagus 0.05 
Thyroid 0.05 
Skin 0.01 
Bone surface 0.01 
Remainder 0.05 
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lung. The nature of the respiratory function like the tidal 
volume, breathing frequency and occupancy factor also affect 
the dose received. 
Critical tissues which receive most of the short range 
alpha radiation from radon and its progeny is of the 
respiratory tract. The lower RBE of gamma and beta components 
result in negligible dose equivalent commitment to lung 
tissues. The radiation dose to lung due to radon and its 
progeny inhalation cannot be measured directly. It is 
inferred from the application of a suitable dosimetric model 
alongwith measured radon activity. The most commonly used 
dosimetric models are the James-Birchal1, the Harley-
Pasternack and the Jacobi-Eisfeld models (Nazaroff and Nero, 
1988). Generally the dose, D, can be expressed as 
D = Lt (A' A^" +B'A2" +C'A3" +CA3^) 
where A , A and A are the total (unattached and attached) 
1 2 
airborne activity'concent rations of the radon progeny, L is 
the breathing rate, t is the exposure time and A, B, C, A*, b' 
and C'are constants characteristic of the model, group of 
individual and aerosol distribution. For the radon progeny 
(Ra-A, Ra-B and Ra-C) with their unattached fractions f , f 
1 2 
and £ the above relation can be written as 
3 
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D = Lt[A' + B'f2A2 + C'£3A3+ 
B(l-f2)A2 +C(l-f3)A3 ] (4.2) 
The three models di£fer in the absolute values of the 
constants AjBjCjA'jB', and C and in the ratios between the 
dose values per unit of PAEC ascribed to unattached and 
attached progeny. The James-Birchall and the Harley-
Pasternack models ascribe much higher dose values per unit 
of PAEC to the unattached than to the attached progeny, 
making these models very sensitive to changes in 
characteristics o£ the attached and unattached radon progeny. 
In the Jacobi-Eisfeld model, the ratio between the dose 
values of unattached and attached progeny is generally much 
smaller. Unless the changes in the unattached fractions are 
drastic, the variation in the dose predicted by the model 
will usually follow the changes in PAEC level. 
4.2.1. Measurement of radon and its progeny exposure 
Exposure to radon can be expressed as the amount of 
Inhaled radon taking Its potential to emit a radiation into 
account. In real terms it can be found as the product of 
-3 
radon activity concentration (usually expressed in Bq tn ) 
and the exposure time. Similarly for radon progeny, the 
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exposure is the product of time during which the decay 
products were inhaled and their concentration in inhaled air. 
-3 
The PAEC of radon progeny can be expressed in Joules per m 
The fact that the entire alpha energy from radon progeny is 
deposited in the lung tissues has given rise to a special 
unit being defined in radiation protection applications. The 
unit is known as 'Working Level' (WL). 
Working Level is originally defined as the potential 
alpha energy liberated by the complete decay of each of the 
radon decay products in secular equilibrium with 3.7 Bq (100 
pCi) of radon per litre of air. The table 4.3 quantifies 
the concept in terms of the alpha energy of the decay 
8 
products. Therefore, one WL is equivalent to 1.3 x 10 MeV 
3 -3 
per m or 20.8 pJ m of alpha energy concentration from 
radon progeny. Since the complete equilibrium between radon 
and its decay products is never realized in practice, the 
definition of WL has been modified as any combination of 
radon progeny concentration such that on ultimate decay to 
210 
Pb the potential alpha energy released would be 20.8 pJ 
-3 
m . The measure of potential alpha energy exposure is 
usually expressed in Working Level Month (WLM) and is equal 
to 170 WL (Nazaroff and Nero, 1988). 
When concentration of radon and its progeny are 
simultaneously measured we get an idea about the equilibrium 
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status between radon with its progeny. The equilibrium 
factor for radon and its progeny can be expressed as, 
F = (WL X 3700) / A (4.3) o 
where WL is the decay product concentration in Working Level 
-3 
units, A^ Is the radon activity concentration I'Bq m ), 3700 
-3 
is the radon activity concentration in Bq m which, in 
equilibrium with its decay products, could correspond to 1 WL 
and F is the equilibrium factor. 
Equilibrium factor is important for the assessment of 
dose equivalents to a part or to the whole body. When the 
equilibrium factor F has not been experimentally determined 
ICRP (1977) has suggested that a value of 0.5 can be adopted 
which will almost certainly overebtimate the exposures 
calculated using this value. 
4.2,2. Inhalation Dose and Risk due to Radon 
Critical organ which is receiving most of the short 
range alpha radiation from radon and its progeny is the 
respiratory tract of lungs. The longer range and lower 
biological effectiveness of beta and gamma rays from radon J 
its progeny impart only negligible dose equivalent to the 
lung tissue. The dose equivalent from the inhalation of short 
lived radon progeny to the respiratory tract cannot be 
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measured directly. The dose can be inferred from the 
application of a dosimetric model alongwith the measures 
of inhaled activity. In addition to the committed dose 
equivalent factors, the dose received by lungs is directly 
proportional to radon concentration, equilibrium factor, 
breathing rate and occupancy factor etc. 
Dose absorbed by the lung tissue, H is determined 
principally by the exposure to potential alpha energy, E^, 
and the fraction of this energy in the unattached form, fp. 
The mathematical analysis with different dosimeter models for 
an unattached fraction of f = 0.05 and aerosoles of P 
activity median diameter (AMD) 0.2 pm shows that the dose to 
the bronchial basal cell layer is higher than the dose to 
pulmonary region by a factor 5 to 8 (UNSCEAR, 1982). 
Therefore, the absorbed dose by the T-B region, H can be T-B 
expressed as (Nazaroff and Naro, 1988) 
H^ „ = E [ f D + (1-fn) D ] (4.4) T-B p p u P a 
where D and D are the values of dose per unit exposure to 
u a 
unattached and attached potential alpha energy. 
For the assessment of absorbed dose the direct 
measurement of potential alpha energy exposure, E is not 
P convenient. However, the measurement of integrated radon 
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exposure is relatively easier and can be done with etched 
track detectors. With the knowledge of the equilibrium factor 
(F)^ E^ can be deduced from the measured radon activity 
concentration. The annual exposure to potential alpha energy, 
E can be related to the average radon concentration, A by 
^ o 
modifying the equation 4.3 as (Nazaroff and Nero, 1988). 
Ep[VJLM/y] = [ (8760 nFA^) / (170 x 3700)] (4.5) 
-3 
where A is the measured radon concentration (Bq m ); n 
o 
is the occupancy factor (fraction of time spent in indoors); 
8760 in the total number of hours in a year and 170 is the 
number of working hourp month. Assuming n to be 0.8 
(UNSCEAR, 1982; OECD, 1983) the relation can be reduced as, 
E [WLM/y] = 0.011 FA 
P ° (4.6) 
The equilibrium factor F, generally increases with aerosol 
concentration and leads to proportionally higher total 
exposure to potential alpha energy for a given concentration 
of radon gas. But the fraction of exposure associated with 
unattached progeny, f^ decreases dramatically for high F. 
The overall effect of these variations is that the dose rate 
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for a given radon activity concent ration is independent of F 
(Nazaroff and Nero, 1988). 
The real impact of radiation on health depends on the 
biological effectiveness of the absorbed dose. The effective 
dose equivalent, H can be determined by weighing each 
E 
component by relative tissue sensitivity. This can be 
mathematically written as (ICRP, 1990J 
^ ^ ^ (4.7) 
where W is the tissue weighing factor and H is the mean 
T T 
tissue dose equivalent. The recommended dose limits for 
application in occupational exposure are summarised in table 
4.4 (ICRP, 1990). International Commission on Radiation 
Protection recommends a limit of effective dose 20 mSv/y 
averaged over 5 years (100 mSv in 5 years) with the further 
provision that the effective dose should not exceed 50 mSv in 
any single year. The limit for public exposure is ImSv in a 
year (ICRP, 1990). 
ICRP 1977 evaluates the risk from ISv effective dose 
- 2 
equivalent as a total likelihood of 1.65 x 10 of inducing 
a total malignant disease in the exposed individual or a 
serious hereditary defect in the Individuals descendants. In 
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Table 4.4: Recommended annual dose limits for occupational 
and public exposure (ICRP, 1990) 
Application Dose limits (mSv/y) 
Oeeupatlonal Public 
Effective dose 20 1 
Equivalent dose in 
the lens of eye 150 15 
the skin 500 50 
the hands & feet 500 
Table 4.5: The probability coefficients for stochastic 
effects for working and general people 
Detriment (10"^ 
Fatal Non-fatal Hereditary 
Cancer Cancer effects Total. 
Workers 4.0 0.8 0.8 5.6 
Public 5.0 1.0 1.3 7.3 
183 
the case of radon progeny the risk is for inducing lung 
cancer. A person exposed to radon progeny from birth at a 
rate of 1 mSv/y will accumulate an additional life time risk 
-5 
of approximately 60 (1.65x10 ) or 0.1% of dying from lung 
cancer. To represent the probability of the occurrence of a 
harmful health effect and a judgement of the severity of the 
effect ICRP, 1990 has used a term 'detriment'. The principal 
components of 'detriment' are the probability of 
attributable fatal cancer, the weighted probability of 
attributable non-fatal cancer, the weighted probability of 
severe hereditary effects and the length of life lost if the 
harm occurs. The values of 'detriment' at low dose for 
working and general public are depicted in table 4.5 (ICRP 
1990). 
Different dose conversion factors have been proposed by 
different International bodies. A conversion factor of 56 
mSv/WLM has been given by BEIR (1972) for an occupation 
factor of 0.67. This is based on the analyses made from the 
epidemiological data of mine workers. Based on dosimetric 
modelling, ICRP (1986) has proposed a conversion factor of 9 
mSv/WLM for indoor radon and its progeny concentration. A 
breathing rate of 16 1pm, occupancy of 16 h/d, AMAD value of 
0.2 pm and f^ = 0.03 were assumed for deriving this 
conversion factor. This value of dose conversion factor is 
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very close to 10 mSv/VJLM given by ICRP (1981) for mine 
workers in an environment for aerosols of AMAD = 0.3 pm and 
f = 0.05. 
P 
4.3 Indoor Radon Measurements 
Radioactive radon gas is widely being recognised as a 
major indoor air pollutant. Indoor radon progeny are believed 
to pose the highest natural radiation hazard. The health risk 
associated with the inhalation of radon is more significant 
than other environmental carcinogens. Studies have shown that 
about 5-20% of all lung cancer deaths are attributable to 
breathing of air containing radon and its progeny (Subba Ramu 
et al., 1987). In rooms kept closed for a long duration and 
in air-conditioned rooms high radiation levels are possible 
by the accumulation of radon gas. Radon in indoor space 
originates from emanation by the walls, floors and ceilings 
and depends on the building materials, and soil beneath the 
floor etc. Subsoil radon emanation into indoor air is 
considered to be a potential source of indoor radon. Since 
the nature of building materials and their uranium contents 
vary from place to place their contribution to indoor radon 
will also vary regionally. 
In the present Investigations, levels of radon have 
been studied tn the indoor environments of Mangalore situated 
at the south-west coast of India, Aligarh and Kasimpur 
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located in the state of Uttar Pradesh (U.P.) in North India. 
Manga]ore, situated In coastal Karnataka is a developing 
industrial area. Relatively higher levels of radiation have 
been reported along the beaches of Karnataka and the fact is 
supported by the presence of monazite patches observed in the 
soil there (Kamath et al, 1964: Narayana et al., 1992). 
Measurements were carried out at 12 locations in Mangalore 
(Jojo et al., 1992) . 
Another area selected for the study was Kasifnpur where 
a big coal fired thermal power plant is operational. Burning 
of coal which contains higher levels of uranium (Jojo et al, 
1993b) and the subsequent emissions to the environment can 
cause enhancement in the ambient radiation levels. 
Therefore, measurement of radon levels in such an 
environment is desirable and of great importance. 
Investigations were carried out in the buildings around the 
power plant. For comparison of ambient radon levels a similar 
study was also conducted at Aligarh which is about 15 km away 
from the power plant. 
4.3.1. Experimental 
LR-115 track detectors were employed in the 
investigations. Small pieces (2 cm x 2 cm) of the detectors 
were exposed in 'Bare' mode mounting each of them on a thick 
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card. Each card was marked with the serial number of the 
detector, date of exposure, date of removal and location. The 
detectors fixed on the cards were exposed in dwellings at a 
height of nearly 6 feet from the ground for 100 days. The 
cards were fixed only in the ground floor. The exposed 
detectors remain in contact with ambient air and can record 
tracks of alpha particles originated from radon as well as 
airborne radon progeny. 
After the exposure the detectors were retrieved and 
brought back to the laboratory. The latent tracks produced 
by the alpha particles from radon and its progeny were 
o 
revealed by chemical etching in 2.5N NaOH at 60 C for 90 
minutes. The developed tracks were counted using an optical 
research microscope with 450X magnification and with a spark 
counter (Details are given in section 2.6.2). The whole area 
of each detector was scanned to get average track density. 
The background tracks obtained from an unexposed detector 
were deducted from the track densities obtained for the 
exposed detectors. Using the calibration factor of 442 60 
- 2 - 1 
tracks cm d /WL, obtained from the calibration experiment 
(Jojo et al., 1993a) the Potential Alpha Energy Concentration 
(PAEC) in WL units are obtained. The exposure dose to the 
basal thin layer of Tracheo Bronchial (T-B) and Pulmonary (P) 
regions of lungs are also calculated in terms of the 
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effective dose equivalents, using the dose conversion factor 
of 9 mSv/WLM proposed by ICRP (1986). 
4.3.2 Results and discussion 
The measured PAEC levels and the calculated effective 
dose equivalents from the radon progeny in the three regions 
are presented in the tables 4.6, 4.7 and 4.8. As the table 
4.6 shows, the PAEC levels at Mangalore varies from 3.02 to 
5.35 mWL with an average of 4.67 + 0.60 mWL. The 
corresponding average effective dose equivalent is found to 
- 1 
be 1.46 + 0.19 mSv y . 
The investigations at Kaslmpur shows at PAEC levels 
between a range of 2.5 and 7.4 mWL with an average of 4.8 
1.3 mVJL. The effective dose equivalents received by the 
- 1 
inhalation of radon progeny are found to vary from 0.8 mSv y 
- 1 
to 2.3 mSv y , At Aligarh the potential alpha energy 
concentration in dwellings Is obtained to be in the range 2,2 
to 3.4 mWL with an average of 2.6 ^ .4 mWL which 
corresponds to the dose equivalent of 0.8 .1 mSv 
From the three regions investigated, Kasimpur was found 
to have the highest level of potential alpha energy 
concentration from radon progeny and Aligarh shows the 
minimum level. Level of PAEC at Mangalore lies in between 
these two. 
IBS 
Table 4.6; Indoor radon levels in Mangalore 
No. Location Track Density PAEC Eff.Dose 
Track mWL Equi. 
mSv 
1. Mangalore University 1.94 4.04 1.27 
2. Someswara 2.12 4.42 1.38 
3. Ombattukera 2.31 4.82 1.51 
4. Ombattukera 2.15 4.48 1.41 
5. Summer Sand 2.84 5.35 1.85 
6. Ullal beach 2.24 4.67 1.46 
7. Bhagavti temple 2.50 5.21 1.63 
8. Adam Kudru 1.66 3.45 1.08 
9. Fisheries college 1.17 3.02 1.01 
10. Suratkal 2.27 5.30 1.67 
11. Panambur 2.21 4.61 1.45 
12. Hampankatta 2.15 4.48 1.41 
Arlth. Mean 2.24 4.67 1.46 
Std. Div. 0.29 0.60 0.19 
Rel . Std. Div. (7J 13 13 13 
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Table 4.7. Indoor radon levels in Kasimpur (U.P.) 
No. Location Track Density PAEC Eff. Dose 
Track cm ^ d ^ mWL Equi. mSv y~ 
1. Punjab Nat. Bank 2.69 5.6 1.7 
2. Tea shop 2.88 6.0 1.9 
3. VJorkshop 1.78 3.7 1.2 
4. Petrol pump 1.20 2.5 0.8 
5. Engineer's Office 2.40 5.0 1.6 
6. Quarter no.C/l8 3.55 7.4 2.3 
7. Quarter no.C/179 2.69 5.6 1.8 
8. Post Office 1.87 3.9 1.2 
9. Jr. High School 3.47 4.4 1.4 
10. Jr. High School 3.00 3.8 1.2 
Arlth. Mean 2.55 4.8 1.5 
Std. Div. 0.71 1.3 0.4 
Rel. St.d Div. (%) 27 27 27 
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Table 4.8. Indoor radon levels in Aligarh (U.P.) 
No. Location Track Denisty PAEC Ef£. Dose 
Track cm~^ mWL Equi 
mSv y 
1. Vikram Colony 1.17 2.3 0.3 
2. Surendar nagar 1.08 2.2 0.7 
3. Vishnupuri 1.20 2.4 0.8 
4. Minto circle 1.28 2.5 0.8 
5. R.M. Hall 1.69 3.4 1.1 
Arith. Mean 1.28 2.6 0.8 
Std. Div. 0.21 0.4 0.1 
R e l . S t d . D i v . ( 7 o ) 1 7 1 7 1 7 
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I t can be in fe r red that the u t i l i z a t i o n of coal 
enhances the leve l of radon and i t s progeny to a considerable 
extent. Compared to the average value f o r A l i garh , Kasimpur 
area has nearly double the value of PAEC. The spread in the 
PAEC l eve l s ( j u s t i f i e d by a high standard deviat ion of 1.3) 
in the Kasimpur area indicates the d i s t r i bu t i on of an a l i en 
element which inf luences the radiat ion l e v e l . This radiat ion 
enhancing element should be none other than coa l . Even 
though the Mangalore environment i s a lso found to have 
higher values compared to normal background areas of 
A l i ga rh , since the var ia t ion of l eve l s from the mean value 
(4.67 mWL) i s quite small (0.6 mWL) the radiat ion leve l can 
be at t r ibuted to the natural sources. Presence of monazite 
sand in the region may be the contr ibutor to the higher 
PAEC l e v e l s . 
Reports from various countries show that the e f f e c t i v e 
dose equivalent var ies from 0.3 to 7.3 mSv y (UNSCEAR, 
1982). A report from U.K. shows that there are thousands of 
dwel l ings with > 50 mSv average annual dose and a few tens of 
houses with as high as > 500 mSv dose (Malcom G. , 1991). 
4.4 Measurements in a Coal Fired Power Plant 
Present day world energy production is dominated by 
f o s s i l carbon f u e l s . Most of wor ld ' s energy production Is 
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derived from o i l (40%), coal (30%) and natural gas (20%) 
contributing 90% of total world energy (Fyfe and Powell , 
1991). The environmental po l lut ion is a by-product of the 
use of e i ther f o s s i l f u e l s , coa l , o i l or nuclear f u e l s . 
Indian coal used in the thermal power plants has quite high 
ash content and i t s combustion resu l ts in large amount 
of residual f l y - a s h and huge emissions to the environment. 
Primordial radionuclides in coal get concentrated in f l y - a s h 
and i t s emission causes enhancement of ambient radiat ion 
l eve l s in the immediate human environment. 
Of numerous radionuclides re leased to the atmosphere 
with coal and f l y - a s h , radon contributes a great amount to 
the elevated leve l of alpha a c t i v i t y . The potent ia l path-
ways through which the population around the power plants i s 
exposed are inhalat ion during the passage of the plume, 
external exposure and inhalat ion and ingestion from 
radionucl ides set t led on the ground (UNSCEAR, 1982). 
The coal f i r e d thermal power plant s ituated at Kasimpur 
( U . P . ) is one of the biggest power plant of i t s kind. In the 
present study measurements have been made f o r radon l eve l s 
in and around the Harduaganj Thermal Power Pro ject (HTPP), 
Kasimpur. Of the many un i t s , the o ldest one (Uni t -A ) was 
se lected f o r the study. This unit has a capacity of 90MW with 
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an average coal consumption of 1.3 Kg/KWh. The average ash 
content in the coal used in this power plant during the 
period of this study was about 35%. The plant i s equipped 
with a mechanical p rec ip i ta tor fo r the co l l ec t ion of residual 
ash. The stack height of the power plant i s nearly 50m. 
4 .4 .1 . Experimental 
For the measurement of alpha ac t i v i t y resu l t ing from 
radon and i t s progeny CR-39 Sol id State Nuclear Track 
Detectors in 'Bare ' mode have been used. CB.-39 p l a s t i c 
detector sheets were cut into small pieces of 2c tn x 2 cm s i ze . 
Each piece of detector mounted on thick cards can record 
alpha p a r t i c l e tracks from a hemisphere of a i r of radius 6.9 
cm. Several detectors were mounted at d i f f e r e n t locations and 
heights ins ide the thermal power p lant . The detectors were 
mounted v e r t i c a l and locations were se lected such that the 
dust co l l ec t i on on the detectors could be minimal. A f te r the 
exposure f o r about 100 days, the detectors were co l lected 
from the power house and etched chemically in a constant 
o 
temperature water bath in 6N NaOH soJution at 70 C fo r 10 h. 
The alpha damage tracks formed in the detector were counted 
using an opt ica l microscope with a magnif ication of 450X. 
While counting the tracks specia l care was taken to minimize 
the uncerta in i ty due to the p la te -out e f f e c t by 
d iscr iminat ing against the small t racks . From the blank 
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detectors kept unexposed the background track density was 
determined and was deducted from the obtained track 
dens i t ies of the exposed detectors . Using the ca l i b r a t i on 
- 2 - 1 
f ac to r of 1504 + 58 Tr. cm d /WL (Jo jo et a l . , 1993a) 
obtained from the well designed c a l i b r a t i on experiment the 
PAEC l eve l s of radon and progeny are estimated. 
The exposure doses to the basal layer o£ epithelium are 
estimated in terms of the e f f e c t i v e dose equivalents using 
the conversion f ac tor of 9 mSV/WLM suggested by ICRP-50 
(ICRP, 1986). Assuming that the rad iat ion exposure due to 
radon progeny s i g n i f i c a n t l y a f f e c t s only lung t i s sues , the 
addit ional l i f e - t i m e r isk of inducing lung cancer has a lso 
been ca lcu la ted . 
4 .4.2 Results and discussion 
The exposure l eve l s obtained from the invest igat ions in 
the power plant are presented in tab le 4.9. PAEC in WL 
units and the inhalat ion dose to the lung t issues in terms 
of e f f e c t i v e dose equivalents are c i ted in the t ab l e . 
Measurements in each f l o o r of the power plant are given 
separate ly . From the results obtained i t has been confirmed 
that the radon ac t i v i ty in the coal f i r e d power plant 
increases with height (Table 4 .10 ) . A gradual e levat ion of 
PAEC l eve l s from 2.2 mWL to 8.2 mWL is observed inside the 
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Table 4.9.Radon l eve l s in coal f i r e d thermal power plant 
No. Location Track Density PAEC E f f . Dose 
- 2 - 1 - 1 track cm d mWL mSv y 
Ground f l o o r 
1. Near entrance 5.32 3.3 1.0 
2. Ver t ica l column 8.61 5.3 1.7 
3. Near generator 7.09 4.4 1.4 
4. Gland exhauster 8.10 5.0 1.6 
5. Chimney 3.54 2.2 0.7 
6. Chemistry l ab . 6.07 3.7 1.2 
7. Canteen 3.94 2.4 0.8 
8. Coal crusher 16.45 10.0 3.1 
F i r s t f l o o r 
9. Ver t ica l column 6.06 3.7 1.2 
10. Control room 10.42 6.4 2.0 
11. Control room 8.06 5.0 1.6 
12. Turbine ha l l 8.00 4.9 1.5 
13. Turbine ha l l 8.41 5.1 1.7 
14. Control room (A/c) 12.21 7.5 2.4 
15. Control room (A/c) 8.04 4.9 1.5 
16. Bo i le r room 8.02 5.0 1.6 
17. Control paenl 9.12 5.6 1.8 
Contd. 4.9 
Second f l o o r 
18. Ver t i ca l column 6.42 4.0 1.3 
19. Generator room 16.04 6.8 2.1 
20. Ver t i ca l column 13.34 8.2 2.6 
21. Near bunker ( r o o f ) 11.80 7.2 2.3 
22. near bunker ( r o o f ) 8.54 5.3 1.7 
17B 
Ar i th . Mean 8.80 
Std. Div. 3.33 
Rel . Std. Div. [ D 34 
5.3 
1.8 
34 
1.7 
0.6 
34 
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Table 4.10, Var ia t ion of radon l eve l with height in the 
power plant 
Floor Average values 
PAEC E f f e c t i v e Dose Equivalent 
•"WL mSv y ' ^ 
1. Ground f l o o r 4.6 + 2.4 1.4 + 0.7 
2. F i r s t f l o o r 5.3 + 1.0 1.7 + 0.3 
3. Second f l o o r 6.3 + 1.5 2.0 + 0.5 
17S 
power house. However, the highest radon leve l was observed 
near the coal crusher in the ground f l o o r . The increase in 
alpha ac t i v i t y due to radon and i t s progeny may be at t r ibuted 
to the d i s t r i bu t i on of f ] y - a s h exhausted from the stack to 
the atmosphere. The f ]y-c:sh v^7i th higher concentration of 
radionuclides released alongwltli the -^lume may se t t l e on the 
d i f f e r e n t storeys of the power plant in decreasing order to 
the ground. The high alpha ac t i v i ty near coal crusher may be 
due to the poor vent i l a t ion conditions and the ac t i v i t y 
resu l t ing from the huge amount of coal present. The 
potent ia l alpha energy concentration as a whole in the power 
plant was 5.3 + 1.8 mWL corresponding to a dose of 1.7 0.6 
- 1 
mSv y (Jo jo et a l . , 1991). 
International Commission on Radio logica l Protection 
- 1 
(ICRP) has recommended a dose l imit of 20 mSv y fo r 
occupational exposure (Table 4 . 4 ) . According to this l imit 
the occupational exposure in the plant is within the sa fe 
range. Further, i t should be noted that the measured 
exposure l eve l s are so le ly from the alpha ac t i v i ty of radon 
and i t s progeny. For a person exposed to radon progeny in 
this environment from b i r th at the obtained average 
exposure dose of 1.7 mSv per annum wi l l accumulate an 
addit ional l i f e time r isk of about 0.17% of dying from lung 
cance r. 
179 
4.5 Seasonal Fluctuations of radon 
Indoor radon concentration depends on many factors l ike 
vent i l a t i on rate (Abu-Jarad and Frernlin, 1983), wind 
d i r ec t i on , atmospheric pressure (Stranden et a l . , 1979) and 
a i r turbulence (Khan et a l . , 1987). Radon gas generated 
within the so i l d i f f u s e s into the atmosphere in measurable 
amounts and the rate of emanation depends on many f ac to r s 
l i ke meteorological parameters. Due to the frequent 
f luc tuat ions in the parameters e f f e c t i n g indoor radon, short 
term measurements made by active methods (Tolth 1972; C l i f f , 
1978) do not provide a real estimation of the annual 
average. The long term integrated measureuients can give a 
better estimation of population dose than short-term ones 
since they give integrated average exposures fo r normal 
l i v ing conditions of dwell ing Inhabitants . 
Depending on the time of observation in a year and 
f luc tuat ions in the meteorological parameters, radon entry 
into the house and hence the indoor radon concentration may 
vary considerab ly . Houses in cold climates which are t i ght ly 
constructed f o r energy e f f i c i e n c y are poorly vent i l a ted . 
Poor ven t i l a t i on alongwith source of radon in and under the 
dv;el l ings can lead to elevated radon l eve l s and corresponding 
high radiat ion dose to the occupants (Hess et a l . , 1985). 
Since dose is a cumulative quantity, measurements must be 
ISO 
made over f i xed interva l s for a t l eas t six months (F le i sher et 
a l . , 1980). Hess et a l . (1985) has found that winter to 
summer ra t io of indoor radon concentration can be as high as 
8.8, with more frequent values between 1.1 and 1.6. This 
emphasizes the requirement of long term integrated 
measurements and need of an year long monitoring of radon 
l eve l s f o r obtaining some conclusive r e su l t s . 
4 .5 .1 . Measurements 
The ob ject ive of the measurements was to obtain the 
ac t i v i ty concentration of radon, PAEC of radon and i t s 
progeny and the i r equil ibrium fac tor (averaged over an year) 
taking seasonal f luctuat ions into considerat ion. To obtain 
the PAEC l eve l s the 'Bare ' mode and f o r radon ac t i v i ty 
concentration the 'cup with membrane' mode were employed. The 
measurements were made in three dwel l ings in A l igarh having 
d i f f e r e n t s ty les of construction. LR-115 Type I I detector 
f i lms of 2cm x 2 cm size were f i xed on thick, cards f o r the 
exposure in 'Bare ' mode. For radon measurements, the 
dosimeter cup PC equipped with LR-115 detector and membrane 
L (mentioned in chapter I I I ) were used. The simultaneous 
1 
exposure of detectors in both of these modes were made in the 
dwel l ings selected fo r study. The measurements were performed 
during July 1991 to June 1992. Each set of detectors one 
' b a r e ' mode and one 'cup with membrane' mode, was exposed 
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f o r one month and were replaced with a new set at the end of 
every month A f ter each exposure the exposed f i lms were 
chemically etched in 2.5N NaOH f o r 90 min in a constant 
temperature water bath. The scanning of the detectors were 
done using an opt ica l microscope at 450 X' magnification as 
wel l as with a spark counter (De ta i l s are given in 2 . 6 . 2 ) . 
The actual track density on each detector was obtained 
deducting the background tracks . Using the ca l i b ra t i on 
f ac to r s the values of PAEC in WL units and radon ac t i v i ty 
concentration (Aq ) in Bqm are determined. Using these 
measured values the corresponding equi l ibr ium factor (F) i s 
ca lcu lated using the equation ( 4 . 3 ) . P'rom these values of WL, 
Aq and (F) f o r the three dwe l l ings , the average values f o r 
each month are determined. 
4 .5 .2 . Results and discussion 
The ob j ec t i ve of this prel iminary study was to observe 
the seasonal f luctuat ion of indoor radon and i t s progeny 
l eve l s and to obtain a value of equi l ibrium f a c t o r . A 
r e l i a b l e value of F is quite necessary fo r the assessment 
of e f f e c t i v e dose equivalents . 
Figure 4.1 shows the monthly va r i a t ion of radon 
ac t i v i t y concentration (A^) and the FAFX l e v e l s . It is found 
that both the quant i t ies vary so.newhat s im i l a r l y . The 
maximum values of indoor radon and PAEC l eve l s were found in 
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winter season in the month of December and the minimum values 
were in summer (Table 4 .11 ) . The maximum to minimum rat io of 
radon concentration and PAEC l eve l s are found to be 2.77 and 
4.16 respect ive ly . Var iat ion of equi l ibr ium factor F is 
shown in the graph 4.2. The trend of the curve is not 
exactly same as that fo r radon and PAEC l e v e l s . The maximum 
value of F was found to be 0.63 in the month of January. 
Table 4.12 presents var ia t ion of A , PAEC and F values ^ o 
averaged f o r each season of the year . VJinter had maximum 
values while summer shows the minimum fo r radon concentration 
and PAEC. The winter to summer ra t io f o r radon concentration 
was found to be about 2 and that f o r PAEC leve l s was 2.5. 
From the monthly observat ions, the e f f e c t i v e dose 
equivalents due to the inhalat ion of radon and i t s progeny 
are a lso ca lcu la ted . The resu l ts indicate that a radon 
concentration measurement made during winter season w i l l 
overestimate the annual average dose by a f actor of about 
1.5, whereas a measurement conducted in summer would under 
estimate i t by a f actor of 0.69. 
From the year - long observat ions , the average indoor 
radon ac t i v i t y concentration in the dwel l ings in this region 
-3 
has been estimated as 32.0 + 9.6 Bq m . The annual average 
estimate of PAEC leve l is found to be 4.1 ^ 1.9 mWL and the 
equi l ibr ium fac tor determined Is 0.45. This value of F can be 
1S5 
Table 4.11; Monthly va r i a t ion of Radon ac t i v i ty concentration 
PAEC l e v e l s , Equilibrium fac to r and e f f e c t i v e 
dose equivalents in dwel l ings 
Month Rn Act iv i ty 
Concent rati on 
-3 Bq m 
PAEC 
] eve l s 
Equi 1 i brium 
Factor 
E f f . Dose 
Equi valent 
mSv 
July 90 25.6 2.5 0.36 0.78 
Aug. 31.3 3.2 0.38 1.00 
Sept. 30.9 3.5 0.42 1.10 
Oct. 32.8 3.7 0.42 1.16 
Nov. 38.4 5.1 0.49 1.60 
Dec. 50.3 7.9 0.63 2.35 
Jan. 91 44.2 7.5 0.48 1.69 
Feb 41.6 5.4 0.51 1.25 
March 28.9 4.0 0.38 0.69 
Apr i l 21.5 2.2 0.36 0.59 
May 19.7 1.9 0.36 0.59 
June 18.6 2.2 0.45 0.69 
Ar. Mean 32.0 4.1 0.45 1.28 
Std. Dev. 9.6 1.9 0.08 0.60 
Rel . Std. 30 47 18 47 
Dev. (7o 
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Table 4.12. Seasonal f l u c t u a t i o n of radon a c t i v i t y 
concentrat ion, PAEC l e v i e s , Equi l ibr ium f a c t o r , 
and E f f . Dose equiva lent 
Season of Av. Rn Ac t i v i t y Av.PAEC Equi l ibr ium E f f . Dose 
the year Concentration l e v e l s f a c t o r Equivalent 
in mWL mSv 
Rainy 30.1 3.2 0.40 1.01 
July - Oct. 
V^inter 43.6 6.5 0.54 2.03 
Sept - Feb 
Summer 22.1 2.6 0-43 0.81 
March - June 
Annual Average 32.0 4.1 0.45 1.28 
St . Dev. 9.6 1.9 0.08 0.60 
Re ] . Std. Dev.C/J 30 47 18 47 
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used f o r the ca lcu lat ions pertaining to the radiat ion dose 
due to inhalat ion of radon progeny in the dwel l ings of this 
region of India . Considerable f luc tuat ions in the radon 
l eve l s in d i f f e r e n t seasons strongly indicate the need of a 
year long measurements to obtain a r e l i a b l e annual average of 
quant i t ies related to radon averaged over these 
f l uc tua t i ons. 
4.6 Radon Exhalation from Building Mater ia ls 
Bui lding materials are one of the main source of radon 
ac t i v i t y ins ide dwe l l ings . A la rge va r i a t ion in radon 
ac t i v i t y i s observed in dwell-tngs as the uranium 
concentrations in natural materials used as bui ld ing 
materials vary from place to p lace . Thus i t is des i rab le to 
study the radon exhalation from bui ld ing materials used in 
d i f f e r e n t regions. Due to the low l eve l of emanation, radon 
exhalat ion measurement with e lect ronic equipments i s 
d i f f i c u l t and expensive. Long term measurements are des i rab le 
to obtain radon exhalation rate from bui ld ing materials and 
f o r which track detectors are su i tab le fo r e f f e c t i v e and 
convenient measurements. 
In the present study measurements have been made f o r 
the radon exhalation rate from commonly used bui lding 
materials in this region of India . D i f f e r en t kinds of b r icks , 
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mosaic, marble, cement block, p lastered br ick etc. have been 
invest igated . For a given so l id radon exhalation rate has 
- 1 - 2 
been def ined in mBq h m at which radon escapes from i t s 
surface into the surrounding a i r (Rawat et a l . , 1990). The 
e f f e c t s of d i f f e r e n t wall coverings l i ke pa ints , wal l papers 
etc. on radon exhalation were a lso invest igated . 
4.6.1, Experimental 
Samples of bui ld ing materials were co l lected from 
bui ld ing construction s i tes in and around A l igarh . Fired 
br icks were categorized depending on their qua l i ty as No . l , 
No.2 and yel low. For the measurement of radon exhalation 
rate the 'Can technique' (Rawat et a l . , 1991) was employed. 
In this method, the open mouth of the radon dosimeter cup (PC 
- used in the ca l i b ra t i on experiment) was sealed to the 
bui lding material by p l a s t i c i n . Each dosimeter PC was 
equipped with a CR-39 p l a s t i c detector of 2 cm x 2 cm size 
which was f i xed at the top inside of the can (Figure 4 . 3 ) . 
The detector is f r e e l y exposed to the emergent radon so that 
i t can record tracks of alpha pa r t i c l e s resu l t ing from the 
decay of radon inside the 'can ' as wel l as the plated out 
radon progeny on the inner wal ls of the 'can'. Radon and i t s 
progeny w i l l reach an equil ibrium concentration typ ica l l y 
a f t e r a week or more. Hence the equi l ibr ium ac t i v i ty of 
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1 t 
Track detector 
Dosimeter (PC) 
Building material-
Figure 4 .3 Assembly fo r the measurement of radon 
exhalation rate using 'can technique ' . 
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concentration of the emergent radon can be obtained using the 
ca l i b r a t i on f ac tor fo r the open cup. 
The ' cans ' sealed on the bui ld ing materials were l e f t 
f o r exposure uninterrupted f o r three months. A f t e r exposure 
the detectors were retr ieved and chemically etched in 6N NaOH 
o 
solut ion at 70 C fo r 10 h in a constant temperature water 
bath and the resul t ing alpha tracks were counted under an 
opt ica l research microscope of magnif ication 450X. From the 
track dens i t i es corrected f o r background tracks, radon 
concentration inside the cups were deternined. Radon 
exhalation rate from the surface of the bui ld ing material 
was ca lcu lated using the re la t ion (Abu-Jarad et a l . , 1980; 
F le i scher and Mogro-Campero, 1978; Rawat et a l . , 1991; Jojo 
et a l . , 1992) . 
C VA / A 
E ^ 
^ ' 4 . 8 ) 
T + (l /A)[e'^T -1] 
- 1 - 2 
where E i s the radon exhalation rate (Bq h m ) ; C, the 
x 
- 2 
integrated radon exposure (Bq m h ) ; V, the volume of the 
3 
Can (m ) , the decay constant of radon: A, the area covered 
2 
by the can (m ) and T, the exposure time ( h ) . 
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To study the e f f e c t of wall covering on the radon 
emanation, p lastered bricks were covered with paints , 
snoweem, primer and wall papers and the above mentioned 'can ' 
technique was appl ied. D i f f e r en t brands of paints and wall 
papers were used f o r the study. 
4 .6 .2 , Results and discussion 
The values of radon concentration in the 'can ' and the 
ca lcu lated values of exhalation rate are presented in tab le 
4.13. I t can be seen from the resu l ts that the radon 
exhalat ion in bui ld ing materials var ies appreciably from 
one bui ld ing material to another. I t is due to the var ia t ion 
of uranium and radium content and the porosity of the 
bui ld ing mater ia l . The radon exhalation rate var ies from 
- 1 - 2 
52.4 to 157 mBq h m . The highest radon emanation is 
obtained from unf i red bricks while marble gives minimum 
va lue . In the case of unf i red br icks the emanation can escape 
from ins ide ( i . e . a few cm below the sur face ) and the amount 
of radon that can escape, depends mainly on the internal 
sur face area. In f i r e d and p lastered b r i cks , marble, mosaic 
and cement blocks radon emanates mostly from the surface 
layers only. 
The resu l ts of radon exhalation rate from the 
p lastered br ick covered with paints and wall papers etc. are 
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Table 4.13. Measured radon ac t i v i t y and exhalation rate from 
bui ld ing materials 
Building Materia l Rn Act iv i ty Rn Exhalation rate 
Eq mBq h"^ m"^ 
No. l br ick 215.4+8.2 7 7.2+3.8 
No.2 brick 259.4+9.7 93.8+4.0 
Yel1ow bri ck 240,3+8.1 86.3+3.7 
Unfired br ick 437.3+19.6 157.4+7.0 
Plastered br ick 201.4+8.9 72.5+3.3 
Cement block 161.8+7.8 58.8+8.6 
Marble 145.5+6.5 58.4+8.3 
Mosaic 159.3+4.2 57.1+8.4 
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depicted in the table 4.14. The experiment was to estimate 
the mitigation of radon due to wal l coverings. The resu l ts 
show that yel low and black paints reduce the radon emanation 
to about one- fourth of the p lastered br ick value. Among the 
d i f f e r e n t brands of paints (Berger , Garcoat, Asian and 
Nerolac ) Garcoat was found more e f f e c t i v e in reducing the 
radon emanation. Paint coated bricks emanate less radon 
poss ib ly due to the c los ing of pores on the surface of the 
bricks thereby preventing i t s escape. Higher values of radon 
emanation with wall paper may be at t r ibuted to the higher 
radionucl ides content of wall paper (Rawat et a l . , 1991). 
The contribution of indoor radon concentration from 
d i f f e r e n t bui ld ing materials can be assessed using the 
formula (Nazarof f and Nero, 1988). 
Ao = (4 .9 ) 
-3 
where A i s the radon concentration (Bq ni ) ; , the o ^ 
- H - 1 
exhalation rate from bui lding materials (Bq m h ) ; S, the 
2 . 
exhaling area (m ) ; V, the volume of the room and A , the 
v 
- 1 - 1 
a i r exchange rate (h ) . For a reference room of S/V = 2 m 
- 1 
and a i r exchange rate 0.5 h , the p lastered br ick w i l l 
-3 
contribute about 0.63 Bq m of indoor radon. 
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Table 4.14. Radon ac t i v i t y and exhalation rate from wal l 
coverings 
Wall covering Rn Act iv i ty 
-3 Bq m 
Rn Exhalation rate 
mBq 
Garcoat white paint 77.6+3.5 27.9+1.3 
Berger white paint 127.0_+5.7 45.7+2.1 
Asian white paint 106.2+4.7 38.2+1.7 
Nerolac white paint 114.0+5.1 41.1 + 1.8 
Asian yel low paint 59.8+2.7 21.5+1.0 
Asian green paint 117.1+8.2 42.2+1.9 
Asian red paint 90.9+4.1 32.7+1.5 
Asian blue paint 178.4+7.7 62.4+2.8 
Asian black paint 46.6+2.1 16.8+0.8 
Primer 139.0+6.2 50.1+8.2 
Snowcem 153.2+6.8 55.5+2.5 
Wall paper 224.1+9.9 80.7+3.6 
Wall paper 228.9+10.2 82.4+3.7 
Wall paper 244.6+10.1 88.1+3.9 
Wall paper 238.3+10.6 85.8+3.8 
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4.7 Invest igat ions of So i l Air Radon 
I t has been v;ell understood that the overwhelming 
source of indoor radon is so i l a i r (Bruno, 1983; Sachs 1983). 
Building materials and water are the secondary sources. 
Indoor radon l eve l is inf luenced pr imar i ly by the s o i l - a i r 
radon concentration, so i l permeabi l i ty , meteorological 
conditions and surrounding developments etc. (F le i scher et 
a l . , 1975). I t i s p laus ib le that under certa in circumstances 
highly porous so i l may permit s u f f i c i e n t f low so that radon_ 
could be drawn from distant s o i l . 
4 .7 .1 . Mechanism of radon t rans fe r through so i l 
The' geophysical process of radon re lease from rock 
structure i s yet to be f u l l y understood. Only a part of 
radon produced by the decay of radium present in rocks and 
so i l i s re leased to the surrounding water or a i r . A f r ac t i on 
of radon gas formed makes i t s way Into the pores of the 
medium (rock or s o i l ) and thereby becomes amenable to 
t ransport . The real mechanism of the transport and release of 
radon from so i l to a i r or water occurs through d i f f u s i o n . 
High poros i ty increases the d i f f u s i o n rate . In a very dry 
s o l i d , the re lease of radon is reduced by readsorption of 
radon atoms on surfaces in the pores and f ractures in the 
s o l i d . I f the so l id is s l i gh t l y moist, the radon re lease i s 
onhanced upto a certain moisture content above which I t 
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decreases again because of the lower d i f f u s i o n rate in water-
f i l l e d pores (Meguml and Mamnro 1974). Once radon entered 
the surrounding water or a i r phase, they are further 
transported by d i f f u s i o n mechanical and convective f low and 
perco la t ion . The concentration of radon at any time ' t ' , at 
a distance ' x ' from the source can be expressed by P ick ' s 
law of d i f f u s i o n : 
2 2 A [6N/5t] = D[6 N/6X ] - A N (4.IO) 
V7here A denotes the decay constant of radon, N i s i t s 
concentration at a distance x and D d i f f u s i o n coe f f i cent fo r 
radon. For a steady state the equation 4.8 can be written 
as, 
2 2 
D [ 6 N/6x ] = a N (4 .11) 
Applying the boundary condit ions, N=Nq at x=0 and N=0 at x= 
(X in the solut ion of the equation 4.9, i t comes out to be 
(Gosh and Sheikh, 1976). 
N = NQ exp [-X -J ( A /D) ] (4 .12) 
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where N is the radon concentration at a distance x in water 
or a i r from the source; N , the radon concentration at the o 
source; D, the e f f e c t i v e d i f f u s i o n c o e f f i c i e n t and A » the 
decay constant. The e f f e c t i v e d i f f u s i o n c o e f f i c i e n t of radon 
2 - 1 -5 2 -1 
is about 0.1 cm s in a i r and 10 cm s in surface water 
- 2 
(Tanner, 1964). In soil D is usual ly of the order of 10 
2 -1 
cm s or 10?o of I t s value in a i r . This r e s t r i c t s the 
d i f f u s i o n of radon to certa in d istances . Thoron, an isotope 
of radon has a short -ha l f l i f e of 55 s and i t s migration is 
l imited to less than one per cent of that of radon. The 
major portion of radon from rock or so i l may also be 
transported by mechanical forces in the earth causing changes 
of pore space through compressive s t r e s ses . These may be 
caused by earth t ides or by intermittent forces such as 
those of earthquakes. Such mechanisms may explain 
intermittent var ia t ions in radon exhalation from so i l 
sur faces . Another poss ib le mechanism is thermally induced 
f l u i d convection. Mainly, however, the transport of radon 
through so i l and bedrock by water probably depends on the 
percolat ion of water through the pores of the bedrock. The 
water in we l l s in a percolat ion zone of higher radium content 
i s l i k e l y to have high radon content as the radon-rich water 
might f l u sh into the we l l . Ra in fa l l can enhance this process 
a t t r i but ing to the seasonal va r i a t ion of radon in well water 
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(knutsson, 1977). Meteorological f ac to r s p a r t i cu l a r l y those 
e f f e c t i ng the moisture content of the so i l can result in 
the la rge va r i a t ions in radon concentrations in s o i l . Radon 
measurements in sub-surface water and in dry boreholes 
recently been used as an earthquake oredictor (Sadvosky et 
a l . , 1972; King, 1978). It is postulated that d i l a t i on of 
rocks caused by s t r a in , releases radon to 'ground water and 
subsequently increases radon content in wel l and spring 
water in the v i c i n i t y . 
Radon enters the a i r contained in s o i l by d i f f u s i o n 
from soil p a r t i c l e s or sometimes from radon-rich ground 
water at greater depths. The rate of d i f f u s i o n of the radon 
gas is highly dependent on the moisture content of so i l and 
the d i f f u s i o n c o e f f i c i e n t . The concentration of radon in so i l 
near e a r th ' s surface i s e f f ec ted by several meteorological 
f ac tors , such as barometric pressure, humidity, r a i n f a l l and 
temperature (Tanner, 1958). These f ac to r s a lso inf luence the 
radon exhalat ion to the atmosphere, but in the opposite 
d i rec t ion of i t s concentration in so i l a i r . Rain, snow, 
f reez ing and Increased atmospheric pressure reduces radon 
exhalation while higher wind speed and temperature increase 
i t . Consequently, radon in so i l has maximum values in 
winter and in rainy seasons. 
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k . l , 1 . Measurements of so i l a i r radon 
Radon measurements in so i l a i r assume importance as a 
method of detection of distant sources and processes of gas 
re l ease . The s igna ls of radon measured d i r e c t l y from so i l a i r 
can g ive c lear indications of the presence of uranium ore 
hidden deep inside the earth. In geophysical a rea -
seismology- i t i s assumed that pr ior to a seismic event, the 
bui ld -up of internal stresses can considerably a l t e r radon 
concentration. Seismical ly enhanced radon s ignals were f i r s t 
observed by Sadovsky in 1972. He could c l e a r l y demonstrate 
the premonitory seismical ly f luenced changes in radon 
content in water from a deep we l l . In another observation, 
the near surface integrated radon measurements have been 
found to be increased considerably p r io r to a moderate sized 
earthquake (M=0.430) (King, 1978). Build up st ra in can give 
r i se to long range stress f i e l d s and can transport radon to 
f a r d istant places from the point of r e l ease . 
In the present inves t i ga t ions , measurements of 
va r i a t i on of radon act iv i ty at d i f f e r e n t depths within the 
ground have been made to assess the contr ibut ion of ' d i s t a n t ' 
(the sources lying too far from the surface of earth) 
s i gna l s . Alongwith th i s , simultaneous laboratory measurements 
f o r radon ac t i v i ty or ig inat ing from the surface so i l were 
a lso performed. Soi l samples co l l ected from the locat ions of 
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the f i e l d measurements were used for th i s . The ac t i v i ty of 
radon in the surface so i l can be taken as the ' l o c a l ' 
s i gna l s . Therefore , the results of f i e l d and laboratory 
measurements enable us to quant i ta t ive ly d i s t ingu ish the 
amount of radon d i f f u sed from distant sources and the 
contr ibut ion of the nearby sources. 
4 .7 .3 . Experimental 
The primary ob ject ives of the experiment were to 
measure the radon concentration within the earth c lose to 
the sur face , to study the va r i a t ion of ac t i v i ty of radon with 
depth in s o i l and to discriminate loca l ac t i v i ty of radon in 
so i l against the long distant transport of radon. Alpha 
ac t i v i t y of radon gas was u t i l i s e d f o r the measurements. 
'Radon only ' device consist ing of dosimeter cup PC f i xed with 
detector and the membrane was used fo r the f i e l d 
measurements. 
For the assessment of s o i l a i r radon concentration a 
system as shown in f i gu re 4.4 was employed. The PC dosimeter 
cups f i x ed with the CR-39 track detector to the inside bottom 
of the dosimeter, having i t s open mouth covered with the 
semipermeable membrane L were used in the f i e l d 
1 
measurements. The dosimeter assembly was housed f i rmly at the 
ins ide bottom and of a PVC (Poly vinyl ch lor ide ) pipe with 
i t s mouth fac ing the open end of the p ipe . The upper end of 
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Figure 4.4 Detector assembly f o r radon measurement in so i l a i r 
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the pipe was covered t i ght ly with an aluminum sheet to 
avoid atmospheric inter ference l ike ra in, sunlight etc . At 
the lower end of the PVC pipe where the dosimeter was f i x e d , 
aluminum s t r i p of 1 cm breadth was wrapped around the 
cy l ind r i ca l sur face to pro ject i t downward to avoid hampering 
of the membrane touching the so i l (Jo jo et a l . , 1992). 
Three locat ions were se lected f o r the f i e l d 
measurements. In each s i te two sets of p l a s t i c detectors (one 
set with CR-39 and the other set with PM 355, CR-39 
supergrade) were hurried in s o i l at various depths (60 cm, 50 
cm and 40 cm) in succession. Thus a set of s ix assembly of 
detectors were placed in so i l at each s i t e (Figure 4.5) 
while p lacing the assembly into the bore-holes atmost care 
was taken not to d i s turb the detector assembly and membrane. 
The PVC pipes of the assembly serve as a protection to the 
dosimeter from caving s o i l . The assemblies were burried 
v e r t i c a l in so i l and l e f t f o r exposure f o r 100 days. At the 
time of placing the detector assembly in s o i l , samples of 
soil were taken from each s i te fo r laboratory measurement of 
radon concentration in them. The experiment was conducted 
during October - December and the sol i v;as found quite dry 
with low water content during the period of the experiment. 
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With the so i l samples co l lected from the three s i tes 
of f i e l d measurements, a simultaneous laboratory measurement 
was conducted f o r the radon ac t i v i ty so le ly due to the 
sur face s o i l . The s imi lar dosimeters (PC) as used in f i e l d 
measurements were employed f o r the laboratory measurements 
a lso so that sens i t ive volume of alpha detection in both the 
cases would remain the same. Small cans of 3 cm height 
having same diameter as that of the dosimeter we re f i 11. ed wi th 
the so i l samples and the dosimeter cup, PC equipped with 
track detector were f i xed face to face on them as shovm in 
the f i gu re 4 .6 . These detectors were l e f t f o r exposure f o r 
the same period (100 days) as fo r f i e l d measurements. From 
the alpha track density in the detector radon act iv i ty 
concentration in the cup can be obtained. 
A f te r the exposure the detectors from a l l the locations 
were retr ieved alongwlth those exposed fo r laboratory 
measurements. In the f i e l d measurements two detector 
assemblies were damaged and the oth^^rs were in tact . The 
o 
detectors were etched in 6N NaOH solut ion at 70 + 1 C fo r 10 
h. The etched detectors were scanned with a microscope at 450X 
magnif ication and the track dens i t ies were found. From the 
track dens i t i es radon concentrations were determined with 
proper c a l i b r a t i on f ac tors (Jo jo et a l . , 1993A). For f i e l d 
-2 " l ~3 measurements a ca l i b r a t i on f ac tor of 0.234 Track cm d /Bqm 
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Figure 4.6 Laboratory measurement of radon ac t i v i t y in soi l 
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was used to estimate the so i l a i r radon concentration 
- 2 - 1 
and in laboratory measurements 0.149 ^ 0.03 Tracks cm d 
-3 
/Bq m was used to f ind radon ac t i v i t y due to s o i l . From 
the radon concentrations the radon exhalation rate was a lso 
ca lculated using the equation {4.8j. In ' laboratory 
measurements the semi-permeable membrane was not used owing 
to the n e g l i g i b l e contribution of thoron in the surface 
s o i l . In f i e l d measurements the membrane was used since even 
distant thoron sources may i n t e r f e r e in the measurements. 
4 .7 .4 . Results and discussion 
The resu l ts of the experimental measurements are 
presented in the tab les 4.15 and 4.16. Table 4.17 gives the 
track dens i t i es as recorded by the two types of CR-39 
detectors (CR-39 and PM -355 supergrade CR-39 detectors ) at 
various depths in s o i l . Tables 4.15 and 4.16 present the 
resu l ts of f i e l d measurements which give the so i l a i r radon 
concentrations and laboratory measurements which give radon 
ac t i v i ty concentration and exhalation rate respect ive ly . 
In f i e l d measurements radon concentration in so i l a i r 
(d i s tant s i gna l s ) at three depths In d i f f e r e n t locations are 
found. The va r i a t ion of radon concentration with depth was 
found to increase abruptly and appeared to fo l l ow an 
exponential increment. The va r i a t ion of radon concentration 
in so i l gas can be wel l explained by a better understanding 
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Table 4.15. Radon ac t i v i t y in soi l ai • at various depths 
Location Depth (cm) Rn Act iv i ty (Bq ) 
Site 1 60 4027 + 180 
50 3042 + 136 
40 2603 + 116 
Site 2 60 6042 + 270 
50 4128 + 185 
40 2820 + 126 
Site 3 60 3661 + 164 
50 2624 + 117 
40 
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Table 4.16: Radon activity and exhalation in soil 
(Laboratory Measurement) 
Location Radon 
Act iv i ty 
Bq. 
Ex. rate 
- 2 - 1 
Bq.rn ^ h ^ 
Site 1 1461 + 65 0.5260 + 0.020 
Site 2 
Site 3 
1670 + 75 
1285 + 57 
0.6012 + 0.027 
0.4026 + 0.018 
Arith Mean 1471 
Std. Dev. 157.4 
R e l . S t d . D e v . ( 7 o ) 1 0 . 6 9 
0.5099 
0.0819 
10.06 
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Table 4.17. Track Density recorded by CR-39 and PM-355 
supergrade CR-39 
Location Depth Tracks recorded by CR-39 
(Tracks 
(300 pm) (500 pm) 
S i te 1 60 942.32 566.04 
50 711.83 353.97 
40 609.10 272.16 
S i te 2 60 1413.83 848.07 
50 965.95 711.89 
40 659.88 691.64 
Si te 3 60 856.67 506.92 
50 614.02 448.88 
40 -
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of the d i f f u s i o n mechanism. According to Junge (1963) the 
steady state radon p r o f i l e is given by 
N = N^ [1 - exp ( -z/1 ) ] (4 .13) 
where N is the concentration of radon at depth Z of the s o i l ; 
N , the radon concentration at i n f i n i t e depth and 1, the 
mean d i f f u s i o n distance (1.55 m f o r porous s o i l ) . 
Eventhough this re la t ion i s unable to explain the 
radon d i f f u s i o n mechanism f u l l y , some inference can be drawn 
from i t . For a typica l value of Z = 60 cm, Nqc/^ = 3. i . e . 
the radon ac t i v i t y at 60 cm depth i s about one third of that 
at i n f i n i t e depth. Therefore , a measure of radon ac t i v i ty at 
60 cm depth can approximately provide an estimate of radon 
ac t i v i ty concentration at i n f i n i t e depth. Due to the 
exponential nature of va r i a t i on , beyond a l imit radon 
ac t i v i t y in so i l can be assumed to have saturated 
concentration. The var ia t ion of radon concentration in 
d i f f e r e n t s i t e s may be due to the d i f f e r e n c e in s o i l texture 
or poros i ty . 
The laboratory measurements give the radon ac t i v i ty 
contributed by the so i l re fe r red as loca l s i gna l s . These are 
quite low as compared to the distant s igna ls measured by Che 
f i e l d measurements. This Implies that the long distant radon 
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migration i s the prominent contributor of radon gas to the 
so i l a i r near the ea r th ' s sur face . Amount of radon ac t i v i t y 
o r ig inat ing from the surface s o i l is l ess than one third of 
the tota l ac t i v i ty in the s o i l - a i r . The exact sources of 
radon in so i l a i r might be at a very deep distance from the 
sur face . Since the mean d i f f u s i o n distance of radon i s 
l imited to a few centimeters, the mechanism of the pressure 
driven f low must be operative to carry them to the surface 
of earth (Mogro-Campero and F le i scher , 1977). The lower radon 
concentration in the top layer of the so i l i s a t t r i butab l e to 
the proximity of the so i l to the atmosphere (F le i sher and 
Mogro - Campero, 1978). 
In the present measurements, the so i l a i r radon 
ac t i v i t y concentration was found to be between 2603 and 6042 
-3 
Bq m at 40 and 60 cm, respect ive ly . The radon ac t i v i ty due 
-3 
to sur face so i l was in between 1285 and 1670 Bq m with 
-3 
an average value of 1472 +_ 157 Bq m . I n genera l , a major 
portion of the so i l a i r radon comes from distant sources. A 
measurement of indoor radon concentration in the region shows 
-3 
the ac t i v i ty concentration of about 32 Bq m (Table 4.11) 
Soil radon measurements in the Alburqurque area in New 
Mexico showed an average radon ac t i v i t y concentration of 
-3 
about 6660 Bqm at a depth of 40 cm (Douglas, 1986). Another 
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invest igat ion he].d in Germany at Dottingen was found the 
-3 
radon l eve l in the so i l a ir in between 5000 to 15,000 Bq m 
(Ke l l e r and Fo lker ts , 1984). The indoor radon leve l s in this 
-3 
region was 32 Bq m . 
Radon exhalation rate from s o i l g rea t ly depends on the 
porosity and uranium content of the s o i l . In this 
invest igat ion radon exhalation rate so le ly from surface so i l 
- 1 - 2 
is 510 + 80 mBq h m (Jojo et a l . , 1992). The actual gross 
radon exhalat ion from s o i l to the atmosphere has a l a rger 
contr ibution from distant sources. 
4.8 Conclusions 
From the various studies of radon in dwel l ings , radon 
emanation rate from bui ld ing materials and from s o i l - a i r 
fo l lowing conclusions can be drawn. 
it From the indoor radon measurements in three regions, i t 
has been seen that u t i l i z a t i o n of coal considerably 
increases the ambient radon l e v e l s . 
Potent ia l Alpha Energy Concentration and the 
e f f e c t i v e dose de l ivered by radon and i t s progeny are 
found to be about double at the power plant region in 
Kasimpur as compared to A l i ga rh . 
Higher radon l eve l s encountered at Mangalore may be 
V-
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att r ibuted to the presence of monazite sand in the 
regi on. 
The e f f e c t i v e dose obtained f o r dwel l ing in A l igarh is 
- 1 
within the recommended dose l imit of 1 mSv y (ICRP, 
1990) f o r publ ic exposure. Kasimpur and Mangalore are 
found to exceed this l im i t . 
Invest igat ions in the Harduaganj Thermal Power P ro jec t , 
Kasimpur show that the radon l eve l s increases with 
height in the power plant contrary to the var ia t ion 
seen in multistoreyed bu i ld ings . 
D i s t r i but ion of f l y - a s h exhausted from the stacks 
se t t l ed on the d i f f e r e n t storeys in decreasing order 
can be the reason fo r i t . 
The occupational exposure i s within the l imit 
recommended by ICRP, 1990. 
Addit ional l i f e time r isk due to the inhalat ion of 
radon progeny has been obtained as about 0.2% of dying 
from lung cancer. 
Studies on seasonal f luc tuat ions of indoor radon 
Indicate the need of a year long measurement to obtain 
the average radon exposure. 
Short-term measurements confined to a season may over 
or underestimate the va lues . 
The equi l ibr ium factor obtained in indoor atmospheres 
f o r this region i s 0.45. 
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Radon exhalation rate from bui ld ing materials depends 
on the material and i t s poros i ty . 
P laster ing of bricks suppresses the radon emanation. 
Mater ia ls with less porosity emanate radon from 
thei r surfaces only. 
Paints reduce the radon exhalat ion to a great extent 
whereas wal l -paper was found to increase the exhalation 
rate . 
Calculated contribution of radon to the indoor 
environment from bui lding materials i s quite small . 
This indicates the presence of a potential source of 
indoor radon other than bui ld ing mater ia ls . 
So i l a i r radon measurements show an exponential 
increment of radon concentration with depth. 
So i l a i r radon var ies with so i l texture and poros i ty . 
Distant s ignals are character ised as the predominant 
component of radon in so i l a i r . 
A mechanism of pressure driven f low must be operative 
to carry radon gas from the d istant source to surface 
so i l . 
Comparison of results indicate a poss ib le cor re la t ion 
between so i l a i r radon and Indoor radon concentrations. 
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CHAPTER V 
MICROANALYSIS OF URANIUM 
5.1 Introduction 
Uranium Is a f a i r l y ubiquitous trace element found in 
geo log ica l materials at ppm l e v e l . Of a l l natura l ly 
occurring radioact ive elements uranium is the heaviest and 
radiotoxlc element. It i s d i s t r i t u t e d non-uniformly and 
mainly occurs in a disper.'sed s ta te . The heterogenity is due 
to the geochemdcal processes those have slowly recycled the 
crustal material to and from the mantle. Ingenuous and 
metamorphlc rocks have higher uranium concontrati on than 
sedimentary rocks. The ear th ' s crust i s composed of 95% 
ingenous and 5% sedimentary rocks. The tota l amount of 
uranium in the outer 10 Km of the ea r th ' s curst is about 1.3 
14 24 
X 10 tons, corresponding to about 1.7x10 Bq ac t i v i ty 
(Thompkins, 1973). 
Uranium present in the earth is t rans fe r red to water, 
p lants , food supplements and then to human beings. Uranium 
concentration in d i f f e r e n t types of cood items are reported 
to be in the range of 1-100 |ig/g (Cothern and Lappenbusch, 
1983). Although the dietary intake of uranium var ies 
according to the food hab i ts , the ove ra l l intake has been 
estimated to be in between 1.3 and 1.4 pg/d (Hursh and 
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spoor, 1973). A s imi lar study in the United States shows the 
range'from 0.3 pg/d to 1.3 pg/d (IAEA, 1980). 
Intake of uranium and i t s decay ser ies elements can be 
harmful f o r health. When absorbed in the body i t can 
const itute a f a r greater radiat ion health . hazard as the 
internal t i ssues are i r rad ia ted continuously with radioact ive 
rays t i l l the radioisotopes are eliminated in the faeces or 
urine or e l se lose i t s rad ioact iv i ty by natural decay. The 
main organ a f f ec ted by the toxic e f f e c t of uranium is kidney. 
Due to the i r r ad i a t i on somatic mutation may occur which can 
a l t e r the control mechanism of ce i l d i v i s i on leading to 
cancer (Power, 1981). Even though the permissib le intake 
l imit of uranium is 40 mg/d, low dose rates f o r a long time 
can be malignant as evident from the uranium miners exposure 
data which indicate that the incidences of lung cancer i s a 
l inear function of accumulated exposure (Morgan, 1973). 
Besides i t s radio log ica l importance, uranium plays a 
s i gn i f i c an t role In various cosmochronologlcal and 
nucleosynthesis events. Due to the heterogeneity in 
d i s t r i b u t i o n , l eve l s of uranium var ies considerably from 
region to region. Evaluation of the occurrence and 
d i s t r i bu t i on of this environmentally important trace element 
can be use fu l in assessing the mobi l izat ion of the trace 
element to ecosystem. 
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In this study, concentrations of uranium have been 
measured in water samples, bui ld ing iriaterials, so i l samples, 
coa l , and f l y - a s h samples co l lected from various regions of 
interest and importance. The ana lyt ica l technique used f o r 
the study i s f i s s i o n fragment r eg i s t r a t i on using Sol id State 
Nuclear Track Detectors. F iss ion tracK reg i s t r a t i on technique 
Is the sens i t ive and r e l i a b l e method f o r micromapping of 
uranium even upto sub ppb l eve l s i f the reactor f a c i l i t y i s 
a v a i l a b l e . The method competes with the other techniques 
l i ke l aser fluorometry and f1uorocolor lmetry. For a l imit 
-4 
from 0.1 to 10 Pg/g the three methods give ident ica l 
-5 
r e su l t s , but f o r s t i l l lower concentrations down to 10 ng/g 
SSNTD is the only sens i t ive method fo r analysis ( I s a b e l l e , 
1987) . 
5.2 P r inc ip l e and Methodology 
Appl icat ion of f i s s i o n track r eg i s t r a t i on technique fo r 
the determination of uranium concentration was, f i r s t 
suggested by Price and Walker in 1963. Since then the method 
has been extensively used by many workers f o r the 
microanalysis of uranium. The method employs track detectors 
f o r the f i s s i o n fragment track r e g i s t r a t i o n . 
The r e l a t i ve abundances of the isotopes of uranium can 
be assumed to be constant in natural uranium. Therefore , 
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238 235 
rather than measuring U d i r e c t l y an assessment of U 
content in the sample can also y i e ld the level of uranium. 
235 
U i s f i s s i l e with thermal neutrons with a high f i s s i o n 
c ross - sect ion of-580 barns. Though f i s s i o n reaction can be 
238 
i n i t i a t e d by f a s t neutrons in U the method cannot be 
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adopted f o r the measurement of uranium since Th, which 
may be present in the sample is a lso f i s s i onab l e with f a s t 
neutrons. This leads to uncerta in i ty in the precise 
measurement of uranium (Durrani and Bu l l , 1987). Also the 
d i f f i c u l t y in the a v a i l a b i l i t y of f a s t neutrons poses a 
235 
problem. Natural uranium contains about 0.7% of U 
isotope in which f i s s i o n can be produced by thermal neutrons 
through ( n , f ) reaction resu l t ing in two f i s s i o n fragments. 
Samples in which uranium concentration is to be measured and 
a standard material of known uranium concentration are kept 
in c lose contact with the f i s s i o n track detector (Makrofo l -
KG) and are i r rad ia ted with thermal neutrons. The tracks 
formed as a resu l t of latent damage in the detector ( F i g . 5 . 1 ) 235 
by the f i s s i o n fragments due to ( n , f ) reaction of U are 
v i sua l i z ed by the p re f e rent i a l chemical etching. The track 
dens i t i es on the detectors in contact with the samples and 
standard material are found. By comparing the track dens i t ies 
in the detectors , uranium concentration in the sample can be 
determined (Jo jo et a l . , 1993a; 1993b; 1993c). There may be 
i n s i g n i f i c a n t and neg l i g i b l e contr ibut ion of thorium towards 
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Thermal neutron f l ux 
Detector disc 
Sample 
Uranium atom 
U (n ,£ ) reaction 
o e A e o • 
... Fiss ion fragments 
Etched track 
Etched detector 
Figure 5.1 F iss ion fragment track r eg i s t r a t i on 
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f i s s i o n tracks lying within the measurement e r ro r s , as i t s 
f i s s i o n cross - sect ion fo r thermal neutrons is 2.6 a barns 
235 
only as compared to 580 barns fo r U (Jo jo et a l . , 1993c). 
5 .3. Analysis of water samples 
Earthern materials l ike ores , rocks, coa l , so i l etc . 
have uranium in varying amounts. A l l these sources come in 
contact with underground water and uranium is t rans fer red to 
i t by i t s leaching action from bed-rocks (Bansal et a l . , 
1988). More than 99% of uranium transported by runoff from 
land to f resh water systems remains with suspended 
pa r t i cu la tes on the sediment. Uranium can also be introduced 
into drinking water supplies by human ac t i v i ty in mining and 
mi l l ing of uranium. Radlotoxic urailum and i t s sa l t s are 
found in many valance s ta tes , the most common being 
hexavalent and tetrava lent (Cothern and Lappenbush, 1983). 
Water so lub le hexavalent compounds of uranium can in ju re 
kidney preventing the normal waste product e l imination 
resu l t ing in renal d i s funct ion . The hexavalent form a lso 
combines with the active s i tes (Phosphate groups) on the 
sur face c e l l s blocking normal metabolic processes fo r c e l l s 
survival (Steere , 1970). The unstable tetrava lent form of 
natural uranium is oxidized to the more toxic hexavalent 
form. As water is the most important medium by which natural 
isotopes are t rans fer red to man, the determination of uranium 
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concentration in water samples of domestic water supply is of 
great importance. 
Industr ia l endeavours may enhance the level of uranium 
in ground and surface water. The south-west coastal region of 
India has several developing centres of indust r i a l a c t i v i t i e s 
with a number of f a c t o r i e s . Besides the ex ist ing f a c to r i e s 
producing f e r t i l i z e r s and rare earths , a nuclear power 
stat ion and a super thermal power stat ion are also being set 
up along the coast of Karnataka state in India . Chavara and 
Neendakara regions of Kerala state have very large deposits 
of monazite sand rich in thorium. This 55 km long coastal 
s t r i p i s wel l known fo r i t s high natural r ad ioac t i v i ty . This 
l o c a l i t y provides a unique s i tuat ion where a large population 
has been gett ing exposed to very high l eve l s of radiat ion 
from the r ich deposits of the monazite (Sunta et a l . , 1982). 
In the present study water samples co l l ected from various 
sources and regions in the states of Kerala and Karnataka 
along the south-west coastof India have been analysed by 
'dry method' (Bansal et a l . , 1988). Water samples were a lso 
co l lected from Al igarh and Kasimpur where a coal f i r e d 
thermal pov\7er plant is in operation. A l igarh is considered as 
a normal background area without the inf luence of any 
potent ia l indust r i a l ac t i v i ty so as to make an impact on 
natural rad iat ion l e v e l . Kasimpur is s i tuated about 15 Km 
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away from AHgarh . Samples were co l lected from the v ic in i ty 
of the power station and i t s dumpyard. This area is situated 
In the Uttar Pradesh (U .P . ) state in northern India. 
5.3.1. Sample preparation and irradiation 
The water samples from d i f f e r e n t sources ( tap, we l l , 
r i ve r , sea e t c . ) were col lected in clean p las t i c bott les 
which were provlouely rlnsod with tap water, double d i s t i l l e d 
water and then with the test water successively. A l l samples 
were s l i gh t l y ac id i f i ed immediately a f t e r co l lect ion by 
mixing 2 ml of concentrated n i t r i c acid in 100 ml of the 
water sample. This minimized the loss of uranium by 
absorption in the container for storing time upto 30 days. 
VJater samples from the natural water bodies were col lected 
from the sur face . 
A known volume of water sample (0.06 ml) from each 
sample was placed on a clean c i rcu la r disc of Makrofo l - KG 
p l a s t i c track detector using a micropipette already rinsed 
with double d i s t i l l e d water and test water. The diameter of 
the detector disc was 1.3 cm. The water droplets on the 
detector discs were allowed to evaporate in s t i l l a i r in an 
o 
oven at 70 C. The evaporated droplet w i l l leave a thin f i lm 
of non -vo la t i l e constituents present in the water sample 
including uranium. The l e f t out non-vo lat i l e constituent of 
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the sample appeared Like an almost c i r cu l a r patch on the 
detector d i sc . I t was covered with another c i r cu l a r detector 
d isc of Makrofol-KG havin^j same diameter. Each pair of 
detector discs was made to be in intimate contact with the 
dr ied specimen, to form a p e l l e t , by t ight and clean binding 
with the c e l l o - t ape . 
P e l l e t s of a l l water samples co l l ected were prepared In 
th is manner and were encapsulated in a cy l ind r i ca l aluminlxam 
capsule. The capsule had the dimensions of about 6 cm lengtri 
and 1.5 cm diameter. A standard g lass piece of known uranium 
concentration serving as a thermal neutron f l ux dosimeter was 
a lso placed in the aluminium capsule (Bansal et a l . , 1990). 
The uranium concentration in the standard g lass ( S l l v e r s t a r 
micros l ldes , Premier Indust r ia l Corporation, New De lh i , 
Ind ia ) used here as neutron f l ux dosimeter was found by 
c a l i b r a t i ng with in te rnat iona l ly accepted G.E. Fisher g lass 
standard. In order to substract the contamination due to 
uranium present In the d i s t i l l e d water and the detector 
I t s e l f , a blank pe l l e t of detector d iscs prepared under the 
Ident ica l conditions was a lso kept in the capsule. Utmost 
care was taken to avoid contamination due to dust while 
preparing and packing the samples. The capsules containing 
p e l l e t s were i r rad ia ted with thermal neutrons with a f l ux of 
15 
about 10 nvt in the thermal column of the 'APSARA' 
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research reactor at Bhabha Atomic Research Centre, Bombay, 
235 
India . The thermal neutrons produce f i s i o n in U present 
in the residue In the pe l l e t s and the result lny f i s s i o n 
fragments produce latent damage t r a i l s in the detectors . 
5 .3 .2 . Track V i sua l i za t i on and Calculat ions 
A f te r i r r ad i a t i on , the detector d iscs were separated 
and washed thoroughly with double d i s t i l l e d water. The clean 
0 
and dry detectors were etched in 6.25N KOH solution at C 
f o r 20 min in a constant temperature water bath. The f i s s i o n 
tracks revealed by etching were scanned using an opt ica l 
microscope at 400X magnif ication. The pattern of the tracks 
formed in the detector was almost c i r cu l a r with high track 
abundance along the rim of the droplet s i t e and uniform in 
the inner region ( F i g . 5 . 2 ) . Therefore , to obtain the tota l 
number of tracks on the detector , regions of crowded tracks 
and uniform tracks were mapped out separate ly . Tracks were 
counted along the rim where they were crowded and found to 
have almost constant track density . This can be represented 
in terms of constant number of tracks per unit length (N ) 1 
along the rim having a width ' ^ ' . in the inner region the 
tracks per unit area (N ) were determined. A minimum of 
a 
f i v e hundred observations were made to determine N and N 
1 a 
in each case. I f the evaporated droplet has a radius R, the 
total number of tracks on a detector disc can be expressed as 
229 
Region of high track 
abundance along the 
rim (Magni f ied) 
Inner region of low 
track abundance 
(Magni f ied ) 
Figure 5.2 Pattern of tracks formed in the detector d i sc . 
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2 
N = 2 TTRN + TT (R-<S) N (5 .1 ) 
1 a 
Substracting the background tracks recorded in the blank 
pe l l e t f rom Nj the actual number of tracks were determined 
for both the detectors discs of each p e l l e t . The arithmetic 
mean was taken as the total number of tracks (N ) . 
To obtain the neutron f luence the i r rad iated standard 
o 
g lass was f resh ly cut and etched in 48% HF at 20 C for 5 s . 
The track density was obtained by scanning the f resh opening 
of the g lass piece using an optical microscope. The thermal 
neutron dose was obtained using the re la t ion . 
= K P (5 .2 ) 
where K i s a constant fo r the neutron dosimeter g lass which 
11 
was 1.028 x 10 neutrons/track in this case (Bansal et a l . , 
1988) P is the fission track density in the standard glass. 
In the present experiment the track density on the standard 
4 2 
g lass was 4.47x 10 tracks/ cm and the neutron dose 
15 
obtained was 4.6 x 10 (nvt). 
The uranium concentration C^ in water samples was 
calculated using the equation (F le ischer and Lovett, 1968), 
NM 
- — -
VGN Ecr-^I 
A 
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where N i s the tota l number of tracks on the detector ; M 
235 
the atomic weight of the f i s s i l e isotope ( U ) ; V the volume 
of the water drop (0.06 ml) ; G the geometry factor f o r 
detecting tracks in the detector (taken as unity since the 
non -vo l a t i l e residue has a thickness much l ess than the range 
of f i s s i o n fragments (Bansal et a l . , 1992); N the Avogadro's 
A 
number; c r — t h e f i s s i o n cross -sect ion f o r the f i s s i l e isotope 
(580 ba rns ) ; E i s the etching e f f i c i e n c y of Makrofol-KG 
detector (taken as unity) and I the i sotopic abundance ra t io 
235 238 -3 
of U and U (=7.26x10 ) . Subst i tut ing the known values 
in the equation ( 3 . 3 ) , i t reduces to 
-4 
C^=3.3 X 10 N pg/1 (5 .4 ) 
Natural uranium consists of three isotopes in a given r a t i o . 
For the usual combination of uranium isotopes i t can be 
ca lcu lated that 1 mg of uranium has an ac t i v i ty of 24.79 Bq 
(Cothern and Lappenbusch, 1983). Usxng this r e l a t i on , the 
resu l t ing ac t i v i t y of uranium in water samples has a lso been 
ca lcu la ted . 
5 .3 .3 . Results and Discussion 
Results of the microanalysis of uranium in water 
samples are depicted in the tab le 5.1. The uncerta int ies 
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Table 5.1. Uranium concentration and ac t i v i t y In water 
samples 
S.No. Source Locati on Urani um 
Concent ration 
Pg 
Act iv i ty 
Bq m"^-
South-west coast 
1. Sea Chavara 2.71+0.04 67.2+1.7 
2. Sea Chavara 2.59+0.04 64.2+1.4 
3. Sea Thankassery 1.29+0.02 32.0+1.3 
4. Sea Sankaramangalam 2.33+0.04 57.8+2.3 
5. Sea Sankaramangalam 1.39+0.03 34.5+1.4 
6. Sea Neendakara 2.48+0.04 61.5+1.5 
7. Sea Chellanum 1.97+0.04 48.8+1.5 
8. Sea Fort Cochin 1.55+0.03 38.4+1.5 
9. Sea Fort Cochin 1.77+0.04 43.9+1.8 
10. Sea Vypin 1.38+0.03 34.2+1.4 
11. Sea Malipuram 2.11+0.05 52.3+2.1 
12. Sea Narakal 1.67+0.04 41.4+1.6 
13. Sea Nayarambalam 1.11+0.03 27.5+1.1 
14. Sea Cherai 1.82+0.04 45.1+1.7 
15. Sea Munambam 1.50+0.04 37.2+1.5 
16. Sea Mangalore 0.71+0.03 17.6+0.7 
17. Sea Karwar 0.57+0.02 14.1+0.5 
18. Tap Qui 1 on 1.52+0.03 37.7+1.5 
19. Tap Qui Ion 1.88+0.03 46.6+1.9 
Contd. 5.1 
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20. Tap Vypin 0.68+0.02 16.9+0.7 
21. Tap Mangalore 1.44+0.02 35.7+1.4 
22. Tap Ashok Nagar 1.16+0.02 28.8+1.1 
23. Tap Karwar 0.79+0.02 19.6+0.8 
24. Tap kaiga 1.60+0.0 39.7+1.6 
25. Well Qui Ion 1.70+0.03 42 .1 + 1.7 
26. Well Narakal 1.13+0.02 28.0+1.1 
27. Well Nayarambalam 1.1810.02 29.3+1.2 
28. Well Cherai 1.05+0.02 16.0+1.0 
29. Well Eloor 1.30+0.0'2 32.2+1.3 
30. River Narakal 1.02+0.02 25.3+1.0 
31. River Nayarambalam 1.65+0.03 40.9+1.6 
32. River Cherai 1,7 7+0.03 43.9+1.8 
33. River Parur 0.28+0.01 06.9+0.2 
34. River Eloor 0.82+0.02 20.3+0.8 
35. River Alwaye 1.23+0.02 30.5+1.2 
Kasi mpur (U.P.) 
36. Tap Power station 1.06j^0.04 26.3+1.5 
37. Tap Power Station 0.76+0.04 18.8+1.3 
38. Tap Power Station 0.96+0.05 23.8+2.1 
39. Canal Power Station 3.17+0.06 78.6+2.1 
40. Canal Dumpyard 2.79+0.05 69.2+1.8 
41. Canal Dumpyard 3.10+0.06 76.8+1.2 
Contd. 5.1 
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Aligarh (U.P.) 
42. Tap Engg. College 0 .84+0.04 20. ,8+1.2 
43. Tap Engg. College 0 .96+0.04 23. 8 + 1.2 
44. Tap M.H. Hall 0 .79+0.03 19. 6 + 1.2 
45. Tap V.M. Hall 1 .09+0.02 26. 9 + 1.4 
46. Tap Medical College 0 .86+0.04 21. 3 + 1.2 
47. Tap Marrls Road 0 .72+0.04 17. 8 + 1.0 
48. Tap Railway Station 1 .10+0.05 27. 2 + 1.3 
49. Tap Vishnupuri 0 .92+0.04 22. 8+1.2 
50. Tap Univ. canteen 1 .12+0.05 27. 2 + 1.3 
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shown with the figures are overall errors including 
statistical counting error. Correction for the errors due to 
the presence of uranium in double distilled water and the 
plastic track detector has been applied by substracting 
number of tracks in the detector of the blank pellet from 
total number of tracks In the detectors of the samples. 
The analyses were done in seventeen samples collected 
from the Arabian Sea along the south-west coast, nineteen tap 
water (drinking) samples from all the three areas of study, 
six river water samples and five well water sample from 
Kerala State and three samples from the vicinity of the power 
station at Kasimpur. Sea water sample collected from Quilon 
(Kerala) to Karwar (Karnataka) towards north are serially 
given in the table 5.1. Well and river v;ater samples were 
collected mainly from the State of Kerala, concentrating on 
the industrial town Alwaye. 
Of all the samples analysed uranium was found to vary 
-1 - 1 
from 0.28 + 0.01 pg 1 to 3.17 + 0.06 pg 1 , 
corresponding to the activity of 6.9 ^ 0.2 Bq m to 76.85 
-3 
19 Bq m , respectively. Sourcewl so uranium was found to 
have higher concentration in water sanples collected from the 
canals (Nalas) In the vicinity of the power station followed 
by sea, well, river and tap water. Range and average values 
of uranium concentration and activity in various sources are 
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cited in table 5.2. In general sea water was found to have 
higher uranium content as compared to other sources of water. 
The canals, water samples from which show highest content of 
uranium, can be treated as a special case as it was not meant 
for any domestic or irrigation purposes but only for the 
waste water disposal from the power plant. This water carries 
certain amount of fly-ash with it which can be the reason for 
enhanced levels of uranium in it. The higher values of 
uranium concentration in sea water may be due to the 
contribution from the suspended particulates in sea water. No 
noticeable areawise distribution of uranium in sea water has 
been observed. Slightly higher concentration of uranium in 
Quilon area in Kerala can be attributed to the possible 
interference of monazite which is highly abundant along this 
each region. Since the water samples collected from the 
rivers were from the surface stream, the suspended 
particulates were less. Higher abundance of uranium in well 
water samples may be due to the uranium derived by the 
leaching action of water in passing through rocks, sand and 
soils. The vicinity of the sea can be a potential cause. Many 
of the wells in this region are having salty water 
indicating the in flow of sea water to the wells. Tap water 
samples analysed were collected mainly from public drinking 
water supply. Being treated water, these samples contain very 
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small amount of suspended matter in them and the measured 
uranium mainly accounts for the dissolved quantity in them. 
An earlier study of uranium in drinking water samples 
collected primarily from northern parts of India showed a 
- 1 - 1 
variation from 0.67 + 0.02 pg I to 20.26 + 0.03 pg 1 with 
-•1 
an average of about 6 pg ] (Bansal et al., 1992). In Assam 
region of north-east India, uranium in water samples was 
- 1 - 1 
found to vary from 0.08 + 0.002 pg 1 to 5.32+0.02 pg 1 
(Talukdar et al., 1983). Analyses of some selected drinking 
wate r samples by U.S. Env i ronmenta l P r o t e c t i o n Agency showed 
a variation of uranium concentration in the range 1.49 pg 
- 1 - 1 
1 to 4.8 pg 1 (USEPA, 1979). Another study in sea, lake 
and s p r i n g wa t e r samples f rom A u s t r i a , I r a n and I s r a e l shows 
concentrations ranging from 1.86 pg 1 in tap water to 19 pg 
- 1 
I in salt lake water from Urmia, Iran (Ritter et 
al.,1982). Estimated amount of annual ingestion of uranium 
for U.S. drinking water is 54 Bq which is ten times the 
uranium intake through food (Cothern and Lappenbusch, 1983). -3 
Assuming average activity of 20 Bq m of uranium in tap 
water from the present study, an average person consuming 2 1 
of water per day would ingest about 15 Bq of uranium 
annually. Though the activity resulting from the estimated 
uranium in water is higher as compared to that from food and 
inhaled air, the levels are well within the maximum 
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permissible total intake of 40 mg /day (Morgan, 1988). 
However, exceptionally high levels of uranium in drinking 
water have also been reported in France, USSR and Finland. 
The reported activity concentrations are as high as 1000 Bq 
-3 -3 
m in France (Remy and Pellerin, 1968), 2600 Bq m in 
-3 
USSR (Berdinikova, 1964) and 200 KBq m in Helsinki, Finland 
(Kahlos and Asikainen, 1973). These alarmingly high 
concentrations of uranium may be due to small and localized 
uranium rich deposits. 
5.4 Analysts of Solid Phase Materials 
For bulk determination of uranium in homogenous solid 
phase materials using etched track detectors, the external 
detector method (Fleischer et al., 1975) has been used widely 
(Rawat etal., 1992; Jojo et al., 1993b). In this method, thin 
pellets of the sample and standard material, each 
sandwiched between a pair of detector discs are irradiated 
with thermal neutrons (Fig. 5.1). From the fission track 
densities in the detectors, uraniur concentration can be 
calculated. In the present investigations levels of uranium 
in building materials, soil, coal and fly-ash samples have 
been made from the areas selected for the study. 
(a) Building materials 
Uranium Is present in minute amounts in almost all 
geological substances in varying concentrations. Building 
2t0 
materials are commonly derived fron the natural materials 
such as sand, soil and rock and may contain higher 
concentrations of radionuclides, especially uranium and 
radium, contributing a greater share to the indoor radon 
level. Alum-shale based concrete used widely in Sweden is an 
example for the source of unacceptably high indoor radiation 
level (Nazaroff and Nero, 1988) originating from the building 
materials. Industrial wastes such as fly-ash from coal fired 
power plants, gypsum from phosphate industry contain higher 
than average concentration of radionuclides (O'Riordan et 
al. , 1972; Stranden,1981) and their indiscriminate use in 
the production of building materials may pose a health 
hazard. 
In view of the above facts, building materials like 
bricks, plaster, sand, marble, mosaic, cement and wall paper 
have been investigated to obtain the concentration of uranium 
in them using fission track registration technique. In the 
present study, measurements of uranium concentration has 
been made in building materials commonly used for 
construction in our region of India. 
(b) Soil 
The concentration of radionuclides in soil is directly 
related to the outdoor and indoor radiation levels as well 
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as their intake through food and water. Uranium is a prime 
radionuclide present throughout the earth's crust in trace 
levels. Its concentration in accessible lithosphere is about 
2,8 ppm with widely varying concentrations In different types 
of rocks (UNSCEAR, 1982). Uranium in soil is transported to 
plants such as cereals, pulses, tubers grown in the soil and 
finds its way into the human beings. It is most abundant in 
acidic than in basic rocks and is also found in metamorphic 
rocks, lignite, monazite sands and phosphate deposits. The 
average uranium content of the soil depends upon various 
factors such as geographical location and depth. 
The high background radiation orevalllng In the south-
west coast of India is due to the thorium rich monazite sand 
In the region. The assessment of uranium concentration in the 
soil collected from this region may be useful to infer its 
contribution to the total radiation level existing there. 
Industrial activities involving earthern materials result in 
the translocation of crustal radionuclides to the surface 
soil and enhancement of natural radiation level. Dumping of 
Industrial wastes in the human environment is one of the path 
ways. Therefore, soil samples collected from the vicinity of 
a fertilizer factory FACT (Fertilizers and Chemicals 
Travancore, Alwaye, Kerala) and a coal fired thermal power 
station (Harduaganj Thermal Power Project, Kasimpur, U.P.) 
24 o 
were selected for these investigations. Wastes from the 
fertilizer factory using rock phosphate may cause the 
enhancement of radiation levels due to the uranium present 
in it. The release of fly-ash from the coal fired power 
station into the atmosphere can increase the level of the 
radionuclides in soil due to their deposition. Fly-ash 
contains considerably high concentration of uranium (Beck, 
1980; Jojo et a]., 1991c). Soil samples from normal 
background regions were also analysed for comparison. 
(c) Coal and fly-ash 
Natural radioactivity in the biosphere in the immediate 
human environment has been modified by burning of coal. On 
the global scale, about 4,000 tons of uranium and 8,000 
tons of thorium are distributed alongwith their progeny by 
coal combustion (Fremlin and Wilson, 1979). Coal, the second 
largest supplier of VJorld's energy is mainly used for 
generating electricity. In India about 6 5 7 o of total 
electricity is generated through coal, used as fuel (Mishra 
and Ramachandran, 1991). The huge quantities of solid wastes 
produced in various coal fired power plants have caused 
considerable concern mainly due to the adverse environmental 
Impacts like contamination of surface and subsurface water, 
loss of soil fertility, enhancement of natural radioactivity 
etc. (Jojo et al., 1993b). Coal combustion has been 
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identified as the single largest source of atmospheric Hg, Mo 
and Se and major contributor of many other Coxic elements 
(Powell et al., 1991). Indian coal fired thermal power plants 
produce about 75 million tons of ash waste annually 
(Nandgoankar, 1991). Due to the high ash content in Indian 
coal (35-50%) thermal power plants are not able to control 
atmospheric emissions to the desired level. The fly-ash, 
during burning of coal in power plants, is carried through 
the boiler alongwith the hot flue gases to the atmosphere 
with enhanced levels of radionuclides. The enchancement of 
radionuclide concentration occurs during the coal combustion 
due to the elimination of the organic compounds. 
The present investigations were undertaken to evaluate 
the occurrence of uranium in coal and f]y-ash samples 
collected from two thermal power plants in the state of 
Uttar Pradesh in India. The coal samples had their origin 
from different collieries in India. The enhancement of 
uranium concentration in fly-ash as a result of coal 
combustion has also been assessed (Jojo et al., 1993c). 
5.5 Experimental Procedure and Calculations 
For the uranium analyses of the samples fission track 
registration technique was employed (Jojo et al., 1993a; 
1993b). The method is highly reliable, sensitive and simple 
and at the same time it has potential capability of 
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micromapping even sub ppb levels of fissionable impurity. The 
analytical technique used is widely known as the 'external 
detector' method (Jojo et at.,1993b)-
Samples of coal, and fly-ash were collected from the 
coal fired thermal power plants situated at Kasimpur and 
Jhansi (both in U.P. state) in clean and dry polyethylene 
bags. The samples were powdered thoroughly and sieved through 
a 100 mesh sieve. A homogeneous mixture of accurately 
weighed sample powder and methyl cellulose (used as a binder 
free from uranium) in the radio 1:2 by weight was made. 
With 200 mg of this mixture, a thin pellet of about 1mm 
thickness and 1.3 cm in diameter was made by a hydraulic 
pellet making machine applying a pressure of about 5 
2 
tons/cm . Pellets of standard glass of known uranium 
concentration (Azam and Prasad, 1989) were also prepared in 
exactly similar manner. Each of these pellets was sandwiched 
between a pair of Makrofol-KG plastic track detector discs 
of 1.3 cm diameter. All the pellets of samples and standard 
glass were enclosed in an aluminium capsule and irradiated 
with thermal neutrons in the 'APSARA' reactor at Bhabha 
Atomic Research Centre, Bombay, India. The neutron dose used 
15 
for irradiation was about 10 (nvt). For soil and building 
materials the dose was slightly higher. 
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After irradiation the detector discs having latent 
fission tracks in them were separated from the pellets and 
o 
were chemically etched in 6.25 N KOH solution at 60 C for 20 
mln. to reveal the fission tracks. The detectors were scanned 
using an optical microscope at a magnification of 400X. 
The detectors in contact with building materials and 
most of the soil samples had a fairly uniform distribution of 
tracks. In coal and fly-ash a typical distribution of tracks 
with clusters of tracks (in the form of sunbursts) in the 
background of a uniform track densicy were observed (Fig. 
5.3). The areas of uniform and non-uniform tracks were 
mapped out separately. In the case of clusters the track 
density was obtained by measuring the actual area occupied 
by each cluster. From the track densities the uranium 
concentrations were calculated using the equation (Jojo et 
al. , 1993a: 1993b) 
U = U (T /T ) (Ig/Ix ) 
X s 
where the subscripts X and S stand for the sample and 
standard respectively; T, the fission track density and I, 
235 238 
the isotopic abundance ratio of U and U. The last term 
of the equation (I /I ) has been taken to be unity assuming 
S X 
that the isotopic abundance ratio is same for the sample and 
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Figure 5.3 Pattern of the tracks and track cluster formed 
in the detector. 
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standard substances. For coal and fly-ash,the uranium 
concentrations were calculated separately for uniform and 
non-uniform distributions. 
5.6 Results and Discussion 
5.6.1. Building materials 
Twelve samples including six different quality bricks, 
plaster (a mixture of sand and cement), sand, marble, cement 
and wall paper were analysed. The concentrations of uranium 
and its activity concentrations in the samples are cited in 
the table 5.3. From serial number 1 to 6 in the table, the 
sample of bricks are listed in decreasing order of quality 
(firing and strength etc.). Noticeable correlation is seen 
betv;een the quality and uranium content except in unfired 
bricks which was found to have higher concentration of 
uranium. Among bricks, the uranium concentration varies from 
1.87 + 0.06 to 2.94 + 0.04 pg/g corresponding to the 
activity concentration of 46.4 +_ 1.5 to 72.9 j- 1.0 Bq/kg, 
respectively. Yellow brick which is semi-fired and is used in 
the plinth of the building was found to have the lowest 
level of uranium whereas the unfired brick had the highest 
concentration. Of all the samples analysed cement had the 
highest concentration of uranium. Other building materials 
namely plaster, marble, sand, mosaic and wall paper have 
about the same levels of uranium in them. 
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Table 5.3. Uranium concentration in building materials 
SI. No. Sample Uranium 
Concentration pg/g Activity Bq/kg 
1. No. 1 brick 1.97 + 0.04 48.8 + 1.0 
2. No. 1 brick 2.04 + 0.04 50.6 + 1.5 
3. No. 2 brick 1.59 + 0.05 39.4 1.2 
4. Yellow brick 1.87 + 0.06 46.4 + 1.5 
5. Unfired brick 2.94 + 0.04 72.9 + 1.0 
6. Unfired brick 2.90 + 0.06 71.9 + 1.5 
7. Plaster 2.26 + 0.03 56.1 + 0.7 
8. Marble 2.22 + 0.04 55.0 + 1.0 
9. Mosaic 2.12 + 0.06 52.6 + 1.5 
10. Cement 2.95 + 0.08 73.1 + 1,9 
11. Wall paper 2.45 + 0.06 60.7 + 1.0 
12. Sand 2.60 + 0.12 64.4 + 2.9 
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Activity concentrations of uranium in building 
materials indicate that it can contribute a considerable 
radioactivity inside dwellings. In addition to its own 
activity, the radioactive progeny of uranium, especially 
radon gas can cause significant radiation exposure to human 
beings. The study on radon exhalation rates from building 
materials has shown that plastering suppresses he radon 
emanation while wall covering with wall paper increased radon 
emanation (Rawat et al., 1990; 1991). Higher uranium levels 
in wall paper as compared to the plater can be accounted for 
this increment. An extensive and thorough Investigations can 
confirm this conclusion. 
5.6.2. Soil samples 
The uranium content and its activity concentration in 
soil samples determined by the fission track registration 
method are given in table 5.4. No significantly high amount 
of uranium has been observed in the soil collected from the 
high background area of south-west coast as compared to the 
neighbouring areas of Cochin and Alwaye. Slighty higher 
values obtained in the Quilon region may be due to the 
possible interference of thorium deposits present in the 
area. Although the fission cross-section of thorium is very 
small as compared to that of uranium the soil along this 
beach region is well known for its exceptionally high 
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Table 5.4. Uranium concentration in soil samples 
SI. 
No. 
Uranium 
Location Concentration Activity 
pg/g Bq/kg 
South-West coast 
1. Chavara 3.39 : + 0.15 83.9 + 3.7 
2. Neendaka ra 3.88 + 0.17 96.1 + 4.2 
3. Ashtamudi lake 1.68 + 0.08 41.6 + 1.9 
FACT, Alwaye 
4. Dumpyard 3.48 + 0.15 86.2 + 3.7 
5. Dumpyard 4.07 + 0.18 100.8 + 4.4 
Kastmpur, U.P. 
6. Dumpyard 9.20 0.41 227 .8 + 10.1 
7. 10 m away from dumpyard 4.04 -t 0.18 100.0 + 4.4 
8. 20 m away from dumpyard 3.99 + 0.17 93.0 + 4.2 
9. 30 m away from dumpyard 2.84 4 0.13 70.3 + 3.7 
Cochin, Kerala 
10. Fort Cochin 1.59 + 0.07 39.4 + 1.7 
11. Vypin 2.97 + 0.13 73.5 + 3.2 
12. Alwaye 2.05 + 0.09 50.8 + 2.2 
13. Alwaye 1.95 0.08 50.5 + 2.0 
Allgarh, U.P. 
14. University 2.59 + 0.12 64.1 + 2.9 
15. University 1.93 + 0.08 47.7 + 2.0 
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concentration o£ thorium. The soil samples collected from the 
dumpyards of Fertilizers And Chemicals Travancore (FACT), 
Alwaye shows higher uranium content compared to that in the 
soil from adjoining areas. This can be attributed to the 
presence of uranium associated with the phospahte wastes 
dumped there. The soil samples collected from the dumpyard of 
the thermal power plant at Kasimpur have a high content of 
uranium. This is due to the presence of fly-ash containing 
significant amount of uranium (Jojo et al. , 1993c). Analysis 
of soil samples collected from different distances from the 
dumpyard show that as one goes away from the dumpyard the 
uranium concentration in the soil is found to decrease 
gradually (Jojo et al., 1991b). Since the area is intensively 
cultivated the presence of elevated amount of uranium in soil 
may lead to enhanced intake of uranium by human being through 
vegetables and crops grown in the area. The average uranium 
concentrations in the soil samples collected from different 
areas are presented in the table 5.5. Overall view of the 
results indicates the influence of technological endeavours 
in enhancing the background radiation level, especially in 
the vicinity of the coal fired power plant. 
5.6.3 Coal and fly-ash 
Thirty five coal sampl.es, and twenty six fly-ash 
samples were analysed. Coal samples had their origin from 
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fifteen collieries. In table 5.6 are presented the values of 
uranium concentration and its activity concentration. A non-
uniform distribution of uranium is observed owing to the 
track clusters found in the detectors (Fig. 5.3). 
Microscopically uranium is unevenly distributed in coal 
unlike in other earthern materials. Non-uniform concentration 
in the form of sunbursts on the detectors may be due to more 
uranium atoms associated with the grains of coal. The uniform 
concentration in coal was found to vary from 2.04 _+ 0.2 to 
4.89 ;+ 0.22 fig/g corresponding to the activity concentration 
of 51 + 2.3 and 121 + 5.4 Bq/kg. The non-uniform 
concentration of uranium in coal varies from 21.34 0.95 
to 40.99 + 1.83 pg/g corresponding to 529 + 34 and 1016 + 45 
Bq/ kg activity concentration, respectively. 
Level of uranium concentration In coal is higher as 
compared to that in other earthern materials like soil, sand, 
rock etc. (Azam and Prasad, 1989). Enhanced levels of uranium 
and its peculiar distribution in coal may be due to centuries 
long complex process of coalification. Coal formation has two 
distinct stages (Firth, 1971). First it forms the peat from 
the carbonaceous flora by the biological process involving 
bacteria and fungi. The second stage covers the peat layer by 
sediments by the action of pressure and temperature. Some of 
the trace elements taken up by plants are incorporated In the 
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developing coal. Inflowing ground water can also be a source 
of trace elements even after coalificaton process. 
The levels of uranium concentration in fly-ash samples 
are shown in the table 5.7. The uniform concentration varies 
between 6.94 0.31 and 9.63 43 pg/g while non-uniform 
uranium concentration was found to vary from 34.42 jf 1.54 
to 64.50 +_ 2.88 pg/g. The levels of uranium in fly-ash are 
quite high as compared to coal. It has been observed that the 
enhancement of uranium level in fly-ash is of different order 
in uniform and non-uniform distributions. It is about 3 times 
in uniform concentration but it is only 1.5 times in non-
uniform distribution (Table 5.8). This implies that the 
crowded uranium atoms, responsible for non-uniform 
distribution may be associated with non-combustible materials 
In the coal. Enhancement of some trace elements has been 
explained by Natusch et al., (1974) using a volatilization 
condensation mechanism. Uranium is found to exist in coal as 
the silicate mineral (coffinite) and uraninite (UO2). During 
combustion the refractory coffinite remains in fly-ash while 
uraninite is vapourized and later condensed on fly-ash when 
the flue gases cool. 
A comparative study can be made with the help of table 
5.9, which presents the ranges of uranium in coal and fly-ash 
in several countries. It is evident that the uranium levels 
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Table 5 . 9 . Reported values of uranium concentration in coal 
and fly-ash. 
Sample and region Uranium activity 
Bq/kg 
Reference(s) 
Coal 
Australia 
Germany 
Greece 
India 
Italy 
Japan 
Poland 
United Kingdom 
USA 
USSR 
52.1 to 79.3 
<40 
595 to 868 
850 to 1230 
250 
25 to 44 
2 to 140 
11 to 29 
17 to 60 
14 to 50 
India (Present work) 51 to 1016 
Fly-ash 
Germany 
Greece 
India 
Italy 
Poland 
USA 
300 
990 to 1735 
158 to 1963 
80 to 100 
44 to 170 
160 to 200 
India (Present work) 172 to 1599 
Fujii et al., 1979 
Jacobi et al., 1982 
Papastefanou and 
Charalambus, 1979. 
Chakarvarti, 1991 
Mastinu, 1980 
Fujii et al., 1979 
Tomczynska et al., 
1981. 
Camplln, 1980 
Mc Bride et al., 1978 
Fujii et al., 1979 
Jojo et al., 1993b 
Jacobi, 1981 
Papastefanou and 
charalambus, 1979. 
Chakarvarti, 1991 
Mastinu, 1980 
Tomczynska et al., 
1981. 
Mc Bride et al., 1978 
Jojo et al., 1993c 
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obtained in coal and fly-ash from India are quite high as 
compared to the levels of uranium in them from Germany, 
Italy, Poland, USA etc. Only the sample from Greece 
(Papastefanou and Charalombus, 1979) show a comparable level 
of uranium. 
5.7 Analysis of soli samples from Antarctica 
The continent of Antarctica occupies the southern most 
part of the world. It is one of the coldest, driest, windiest 
and least accessible of all the seven continents. More than 
987o of the entire continent is covered with ice with an 
average thickness of about 2 km. It is known as the largest 
geographical frontier. Forbidden to most human activities, it 
is the great natural laboratory and observatory for the 
scientific study of many natural phenomenon. Only 2% of the 
continent is free from ice which is called'Oasis'. The ice 
sheets of this continent originates perhaps more than 50 
million years ago and has continued since then mostly 
undisturbed, like the melt freeze phenomenon which occurs in 
the Himalayan glaciers. The Antarctic ice, therefore, has 
acted as an extremely well preserved repository of all things 
that has failed on it. Burried in it are the fragments of 
cosmic bodies, products of cosmic rays, sediments and 
samples of air trapped over millions of years. Scientists 
from the world over have begun studying these in order to 
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understand the global and cosmic changes those have occurred 
over the past millenia. This ice which represents a stable 
situation, affects only the global climate, offers us a 
reference standard for separating the two sets of 
information and to refine the information about each sets 
individually. Studies of the mass balance of the glaciers are 
at present providing data about the current short term 
climate fluctuations in the Himalaya. Linking these changes 
to the changes in the Antarctic region is bound to yield 
important scientific insights into the global weather 
phenomenon, its changes and effects to our environment. This 
continent is also attracting world wide attention due to the 
tremendous biological bounty in its surrounding seas and 
likelyhood of vast hydrocarbon and other mineral deposites in 
its land mass and the continental shelf. 
Uranium is a main primordial radionuclide having 
existence on earth's crust throughout its history. It has a 
heterogeneous distribution in soil. Besides natural 
geochemical proceses uranium is also transferred due to human 
activities. Antarctica being a region free from human and 
industrial activities their presence of uranium in soil may 
be solely due to the geochemical processes. The Indian 
Antarctica station 'Mitree' is situated at the Schirmachar 
o o 
Oasis (70 45'S: 11 45'E). This region belong to the East 
2S2 
Antarctic Charnockite provinces, the largest area of the 
granulative facies rocks of the world. This area is composed 
of precambrian crystalline basement. The oasis has got a 
maximum width of 2.5 Km and a length of about 20 Km. Its 
orientation is in the east-west direction. Its size is about 
3.5 Km solid bedrock and the elevation ranges from 0 to 228 
meters with an average height of 100 meters. The soil samples 
were collected from different locations in east Antarctic 
Charnockite provinces at Indian station and analysed for 
uranium content estimation. 
Fission track registration was the analytical technique 
used for the measurements. The experimental part involves the 
preparation of the pellets of the soil samples, their 
irradiation with thermal neutrons, etching of the detectors 
and scanning the etched detectors. Methodology and 
calculations are exactly same as those described in the 
section 3.5 of this chapter (Jojo et al., 1993c). 
5.7.1.Results and Discussion 
Levels of uranium in soil samples determined by the 
fission track method are depicted in the table 5.10. It was 
found to vary from 0.036 to 0.364 pg/g in the samples 
analysed corresponding to activity 0.45 to 4.49 Bq/Kg. 
Compared to some other reported values of uranium 
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Table 5.10.Uranium content in Antarctic soil samples 
SI.No. Location Uranium 
Concent ration 
Hg/g 
Activity 
Bq/kg 
1. 0.5 km South 0.136+0.006 3.4+0.2 
2. 0.5 Km South 0.129+0.006 3.2+0.2 
3. 0.5 Km South 0.154+0.007 3.8+0.2 
4. 0.5 Km South 0.131+0.006 3.2+0.2 
5. 0.5 Km North 0.036+0.002 0.9+0.1 
6. 0.5 Km North 0.043+0.002 1.1+0.1 
7. 0.5 Km North 0.039+0.002 1.0+0.1 
8. 0.5 Km North 0.040+0.002 1.0+0.1 
9. 1.0 Km South 0.213+0.009 5.3+0.2 
10. 1.0 Km South 0.244+0.011 6.0+0.2 
11. 1.0 Km South ).292+0.013 7.2+0.3 
12. 1.0 Km South 0.272+0.012 6.7+0.3 
13. 1.0 Km South 0.250+0.010 6.2+0.2 
14. 1.0 Km South 0.264+0.012 6.5+0.3 
15. 1.0 Km North 0.330+0.015 8.2+0.4 
16. 1.0 Km North 0.353+0.016 8.8+0.4 
Soil from the lake sides 
17. About 2 Km radius 0.225+0.010 5.6+0.2 
18. About 2 Km radius 0.100+0.005 2.5+0.1 
19. About 2 Km radius 0.137+0.001 3.4+0.2 
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Contd. 5.10. 
20. About 2 Km radius 0.115+0.005 2.9+0.1 
21. About 2 Km radius 0.204+0.009 5.1+0.2 
22. About 2 Km radius 0,364+0.016 9.0+0.4 
23. About 2 Km radius 0.260+0.011 6.4+0.3 
24. About 2 Km radius 0.129+0.006 3.2+0.2 
\ 
Soil dust mixed with mud and gypsum 
25. About 5 Km radius 0.205+0.009 5.1+0.2 
26. About 5 Km radius 0,248+0.011 6.1+0.3 
27. About 5 Km radius 0.357+0.016 8.9+0.4 
28. About 5 Km radius 0.188j^0.008 4. 0.2 
29. About 5 Km radius 0.176+0.008 4.4+0.2 
30. About 5 Km radius 0.194+0.009 4.8+0.2 
Soil dust used for construction 
31. From 'Mitree' 0.213+0.009 5.3+0.2 
32. From 'Mitree' 0.093+0.004 2.3+0.1 
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concentration (Table 5.11) in soil and sand samples, present 
values are quite low. Sand sample from U.S. and U.K. have 
been reported to contain 0.6 pg/g and 0.9 pg/g of 
uranium respectively (OECD, 1979; Londhe, 1984). Coastal 
region of Germany is reported to have a wide range from 0.3 
pg/g to 60 pg/g (Bonka, 1981). Investigations of uranium in 
India is found to show a variation from 0.03 pg/g to 4.07 
pg/g (Azam et al., 1989; Jojo et al., 1991). UNSCEAR, 1982 
quoted uranium concentration in soil typically in the range 
of 0.8 pg/g to 4.1 pg/g. 
5 .8 CONCLUSIONS 
From the results obtained from the microanalysis of 
samples of water, building materials, soil, coal and fly-ash 
the following conclusions can be derived. 
" Among water samples Source-wise uranium is more 
abundant in sea water followed by well, river and tap 
water. 
" Annual ingestion of uranium in terms of activity would 
be about 15 Bq from drinking water assuming an average 
-3 
activity of about 20 Bq m in it. 
" Use of earthern materials like coal in industry and 
power generation can enhance the levels of uranium in 
the natural water bodies in the adjoining region. 
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" The estimated levels of uranium in drinking water 
samples (tap water) is found to be well within the 
permissible limit. 
" Building materials contribute a considerable amount of 
indoor radioactivity. 
* Yellow brick was found to have lowest level of uranium 
among the building materials studied. Cement provides 
the highest level. 
* No noticeable area-wise distribution of uranium has 
been obtained in the case of soil samples analysed. 
" Industrial activities can enhance the level of uranium 
in soil in the adjoining areas of activity as evident 
from the measurements at FACT, Alwaye and Kaslmpur. 
" Indian coal has higher levels of uranium as compared 
with the coal samples from many other countries. 
" Microscopically the distribution of uranium is not 
uniform in coal and fly-ash. 
* Coal combustion further enhances the concentration of 
uranium in fly-ash. 
" Enhancement of uniform uranium concentration by coal 
combustion in fly-ash occurs by a factor of 3 times 
whereas in non-uniform distribution the enhancement is 
only by a factor of 1.5. 
Use of fly-ash as a building material may modify the 
radioactivity in the indoor atmosphere. 
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" Due to the high levels of uranium in fly-ash even a 
smal] spread out can pose serious environmental 
problems. 
* The low level of uranium in soils from the Antarctica 
region may be attributed to the absence of human 
intervention with the lithosphere in the region. 
* In this region the redistribution of the radionuclides 
takes place only by the natural geochemical and 
geophysical processes. 
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SHORT COMMUNICATION 
STUDY OF RADON AND ITS DAUGHTERS EMITTED FROM BUILDING MATERIALS 
USING PLASTIC TRACK DETECTORS 
A. Rawat, P.J. Jojo, A.J. Khan, R.K. Tyagi and R^endra Prasad, 
Applied Physics Department, Z.H. College of Engineering & Technology, 
Aligarh Muslim University, ALIGARH 202 002, INDIA. 
ABSTRACT : Radon activity and exhalation rate are measured in a number of building materials commonly used in our 
region for building construction. The "Can technique" using CR-39 plastic track detector was applied for these 
measurements. The radon activity is found to vary from 23.48 to 278.56 mBq/l and the value of radon exhalation rate for 
these materials from 8.25 to 97.89 mBqh~^m~^. The radon emanation from unfired bricks is found to be maximum and 
appears to be produced from within the brick while it originates in the surface layers only in fired bricks. The plastering on 
brick suppresses the radon emanation. 
Building materials are the main source of radon 
activity inside the dwellings. A large variation in radon activity 
is observed in dwellings as the uranium concentrations in 
natural materials used as building materials vary from place 
to place. Thus it is desirable to study the radon exhalation 
from'building materials used in different regions. Due to low 
level of radon emanation from building materials long term 
measurements are required for which Solid State Nuclear 
Tract Detectors can be used effectively and conveniently. 
In the present study, we have made measurements 
for exhalation rate from different kinds of bricks (i.e. fully 
fired, less fired and unfired), mosaic, marble,cement block 
and plastered bricks. For a given solid, the radon exhalation 
rate has been defined in m Bq~^h" m"^ at which ^^^Rn 
escapes from its surface into the surrounding air. 
Samples to be investigated were collected from 
different construction sites in and around Aligarh. Fired 
bricks were categorised depending on their quality as No. 1, 
No. 2, yellow. To study the radon activity and exhalation rate, 
we employed the "Can" technique (Abu-Jarad and Fremlin 
1979) in which a plastic can of known dimensions (diameter 
7.5 cm, height 4.0 cm) was sealed to the sample. Each can 
was equipped with CR-39 plastic detector of 2 cm x 2 cm 
size which is sensitive to a-particles of all energies. Two 
such cans were attached with each sample. In the first can, 
detector was kept at the inside top of the can while in second 
can, a pair of detectors was kept at a height of 2 mm from 
the sample surface. Here the first detector of the pair is 
directly facing the surface of the sample and the upper one 
is exposed to the air inside the can (Fig. 1). 
In this geometry, the detector one detects a-particles 
emitted from the surface of the sample (including a-particles 
emitted from earlier members of the series i.e. ^ ^U , 
and Ra as well as from radon and its daughters) as 
it is facing the sample and is within the reach of a-partides 
from tTiasonary. The second and third detectors detect only 
the a-partides from radon and its daughters in equilibrium in 
the air of the can. The cans were fixed firmly to the samples 
such that no air can enter the can from out side. 
The assemblies of all samples were left for exposure 
nr two months and were taken out simultaneously. The 
J 
1,2,3 -•D(.neciorj« 
Fig. 1 
detectors were etched in 6N NaOH solution at 70°C for 9 hrs 
in a constant temperature water bath and the a-tracks were 
counted under an optical microscope at magnification of 400 
X. 
Exhalation rate has been calculated using the relation 
(Fleischer and Mogro-Campero, 1978; Abu-Jarad et al., 
1980; Khan etal., 1989). 
C V X / A 
Ex= 
Where 
Ex = 
V 
X 
T 
A 
Radon exhalation rate (mBq h % 
Integrated radon exposure as measured by plastic 
track detector (mBq h/1) 
Volume of Can (liter) 
-1 Decay constant for radon (h 
Exposure time (h) 
Area covered by the can (m^) 
The results obtained from the experiments are 
presented in Fig. 2. The histograms shown, give the track 
density due to a-particles emitted from building materials. 
Detector fadng the sample surface shows higher track 
density than the detector fadng away from the surface 
(except for unfired bricks and mosaic). This is due to the fact 
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that the first detector detects all the alpha particles emitted 
from the surface of the material due to radon and its 
daughters and also from the earlier members of the series 
(i.e. 230Th, and ^ R a ) while for the second 
detector radon and its daughters in equilibrium in the 
enclosed air are the sources of alpha particles. In the case of 
mosaic and unfired bricks the emanation can escape from 
inside (i.e. from a few cm below the surface) and the amount 
of radon that can escape depends mainly on the internal 
surface area. While in fired bricks, plastered bricks, marble 
and cement block it emanates from the surface layer. 
Porosity of the medium governs the diffusion of radon 
through the medium which escapes from the internal surface 
area. 
No 1 No 2 Yellow Plastered Unfired Marble Mosaic Cemen' 
Block 
BRICKS 
Fig. 2. 
Table No. 1 
Measured Radon activity and exhalation rate 
Material Radon Activity 
mBq/1 
Exhalation rate 
mBq 
No. 1 Brick 48.88 17.18 
No. 2 Brick 39.34 13.82 
Yellow Brick 46.32 16.28 
Plastered Brick 31.10 10.93 
Unfired Brick 278.56 97.89 
Marble 30.14 10.59 
Mosaic 48.54 17.06 
Cement Block 23.48 8.25 
In all cases the detector on the inside top of the can 
(3rd detector) is found to have more tracks than the second 
one. For the third detector the sensitive volume is little more 
than for the second detector due to the height of the can 
being less than the ranges of a-particles (4.08 to 6.91 cm) 
and this may be the reason for its higher activity. Also it is 
clear from the results that unfired bricks give large track 
density as compared to fired bricks. Plastered bricks are 
found to show low radon activity compared to the bare 
bricks. The decrease in track density in plastered bricks 
compared to bare bricks may be due to low activity in 
cement-and the less porosity of the plaster on the brick 
which will suppress radon gas escaping from the brick. Table 
1 gives the measured radon activity and exhalation rate for 
different building materials studied. Radon activity is found to 
vary from 23 to 279 mBq/1 in building materials and 
exhalation rate in the range from 8 to 98 mBqh"'m~^. 
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BADON s m L A T I O N RATE IN BUILDING MATERIALS 
A.RAWAT, P.J.JOJO, A.J.KHAN, R.K.TYAGI and RAJENDRA PRASAD 
D«partiient of Applied Physics, Z.H.College of Engg. and 
Tech., Allgarh Musllin University, AHgarh-202002, INDIA. 
ABSTRACT 
Radon is present in trace amounts almost everywhere on the earth, being 
distributed in the soil, the ground water and In the lower atmosphere. Radon 
can originate from a deeply hurried deposit and can migrate to the surface of 
earth by diffusion and transport process. The increased interest in Indoor 
radon concentration is due to its health hazard and environmental pollution. 
For the measurements of radon activity and exhalation rate from commonly used 
building materials alpha sensitive CR-39 plastic track detectors were exposed. 
Effect of paints and wall papers was also studied. The average dose equiva-
lent rate due to radon daughters for a person living in different rooms was 
found to vary from 2.02 to 11.0^ nfivY"^. 
KEYWORDS 
Plastic track detectors; can-technique; building material; radon exhalation 
rate; working level; effective dose equivalent. 
INTRODUCTION 
Uranium is a naturally occurring radlotoxlc trace element, present in minute 
amount in almost all rocks, sand, soil, water, etc. Building materials are 
commonly derived from the natural materials like sand, soil, rock and cement, 
etc., which contain traces of ^^^Ra and (Sorantln and Steger,198Ai). 
^^Sln, the decay product of is a noble gas having a half life of 3.8 
days, which is long enough for a part of it to diffuse from the building 
materials to the inside atmosphere of the dwellings (Evans,1969) and its 
inhalation may be harmful from health point of view as the exposure to high 
concentration of radon may cause lung cancer. In the present study we have 
made measurements for radon emanation from a number of building materials 
comnonly used for building construction in our region of India. The effects 
of different types of paints and wall papers on radon emanation were also 
investigated. Measurements of radon and its progeny concentration in 
different types of rooms have been carried out to find out dose equivalent 
for a Person living in these rooms. 
EXPERIMENTAL 
For the measurement of exhalation rate the 'Can-technique' (Abu-Jarad et al., 
1980) was applied in which a plastic can of known dimension (4.3 cm height 
and 7.0 cm diameter) was sealed by plasticin to the individual building 
material. Each can was equipped with a CR-39 plastic detector of 2 em x 
2 om size which was kept at the top inside the can. The lower surface of the 
detector is freely exposed to thf emergent radon so that it can record the 
alpha particles resulting from the decay of radon in the whole volume of the 
218 214 
*oan' and also from Po and Po deposited on the inner walls of the can. 
Radon and its daughters will reach an equilibrium concentration after a week 
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or aore. HencQ the equlllbriun activity of the energent radon could 1>e 
obtained tro« the geometry ot the can and time of exposure. 
Such assenbly sealed on different samples was left for exposure for three 
months and taken out simultaneously* The detectors were etched In 6N-NaOR 
solution at 70 C for 9 hrs In a constant temperature water hath and the 
resulting -tracks were counted under an optical microscope of magnification 
400X. 
Exhalation rate has heen calculated using the equation (l) (Abu-Jarad et al., 
1980; Fleischer and Mogro-Camporo,1978; Khan et al.,1989) 
EX - ^ (1) 
T + i (e '^^-l) 
where Ex « Radon exhalation rate 
C > Integrated radon exposure as measured by plastic track detector 
V a Volume of can 
X " Decay constant for radon 
T • Exposure time 
A « Area covered by the can 
Radon and Its daughters concentration was also measured in different types 
of rooms. For this purpose the CR-39 detectors (2 cm x 2 cm) were exposed 
In 'Bare' mode for one month and the average dose equivalent rate due to 
radon daughters for a person living In these buildings was estimated. 
RESULTS AND DISCWSSION 
The exhalation rate is measured in a number of building materials (bricks, 
plastered bricks, marble, etc.) commonly used for building construction in 
this region of India. The effect of internal wall coverings (i.e. paints, 
primer, snowcem and wall papers, etc.) on radon emanation has also been 
investigated. The calculated values of exhalation rate are presented in 
Table 1. It can be seen from the results that the radon exhalation rate in 
building materials varies appreciably from one building material to another. 
It is due to the variation of uranium and radium content and porosity of the —1 —2 
building material. The radon exhalation varies from 52.39 nBqh m to 
-1 -2 
157.42 Bfiqh m . The results show highest radon emanation from unfired 
bricks while marble gives minimum value. In the case of unfired bricks the 
emanation can escape from inside (i.e. from a few cm below the surface) and 
the amount of radon that can escape, depends mainly on the internal surface 
area, while in fired and plastered bricks, marble and cement blocks, it 
emanates from the surface layer. 
To study the effect of paints and wall papers on the radon emanation, plas-
tered bricks were covered with paints and wall papers and the above mentioned 
'can' technique was applied. The results of the measurements are presented 
in Table 2. The results show that yellow and black paints reduced the radon 
emanation to about one-fourth of the plastered brick value. Aimng the 
different brands of paints (Berger, Garcoat, Asian and Nerolac) Garcoat is 
more effective in reducing the radon emanation. The paint coated bricks 
emanate minimum radon, perhaps due to closing of more number of pores of the 
bricks. The wall papers increase the radon emanation which may be due to 
the uranium content of wall paper. 
Table 3 presents the measurements of the indoor radon daughters level in the 
rooms. It has been found to vary from 6.45 to 35.26 nWL. From these 
measured values of radon progeny levels, dose to the lung is estimated using 
an exposure to dose conversion factor of 9 ii6v per VLM (Ramachandran et al., 
1988). One working level month (WLM) is an exposure of one WL for 17O hours. 
Using this conversion factor, the effective dose equivalent has been estima-
ted and it varies from 2.O2 to 11.04 mSvY"^. 
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Table 1. Radon e^dialatlon rate in some building materials 
SI. 
No. 
Building material No.of No. 
samples 
of Tr. cm' Rn activity Rn exhalation 
(Bcm-5) . 
(nfiqh ^m ^ 
1 . Onflred bricks 5 112.60 437.28 157.42 
2. Fired bricks 5 55.46 215.25 77.54 
3. Plastered bricks 5 51.89 201.37 72.54 
k. Cement block 5 41.66 161.79 58.24 
5. Marble 5 37.47 145.52 52.39 
Table 2. Effect of paints and wall papers 
SI. 
No. 
Internal wall 
covering 
No. of 
samples 
No. of 
Tr. em"^d" •1 
Rn activity Rn exhalation 
(Bqm-3) 
(neqh 
1. Garcoat white paint 5 19.97 77.55 27.92 
2. Berger white paint 5 32.71 127.03 45.73 
3. Asian white paint 5 27.34 106.18 38.23 
4. Nerolac white paint 5 29.36 114.02 41.05 
5. Primer 5 35.80 139.04 50.05 
6. Snowcem 5 39.64 153.24 55.46 
7. Asian yellow paint 5 15.39 59.77 21.52 
8. Asian green paint 5 30.15 117.08 42.15 
9. Asian red paint 5 23.40 90.87 32.71 
10. Asian blue paint 5 44.66 173.44 62.44 
11. Asian black paint 5 11.99 46.56 16.76 
12. Vail paper 5 57.71 224.12 80.68 
13. Wall paper 5 58.93 228.85 82.39 
14. Wall paper 5 62.98 244.58 88.05 
15. Wall paper 5 61.36 238.29 85.78 
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Table 3. Dose equivalent inside rooms 
SI, 
No. 
Type of room No. of 
detectors 
exposed 
1 — 
Ventilation condition Radon Dose 
equivalent 
rate 
(iiaVY"^) 
1. Living room 6 Properly ventilated 6.45 2.02 
2. Research lab 6 Partially ventilated 7.30 2.29 
3. Cellar 6 Nonventllated 11.61 3.64 
4. Seminar library 6 Poorly ventilated 26.66 8.35 
5. Reading room 6 Partially ventilated 10.75 3.37 
6. Book bank 6 Poorly ventilated 27.95 8.75 
7. Reading room 6 Partially ventilated 9.89 3.10 
8. Radioactive source 
room 6 Nonventllated 35.26 11.04 
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Note 
A^•AL^•zl^•c i ra .ml .m c o n c k n i r a i i o n s in d r i n k i n g 
\\.\TV.R SA.MPI.l-S IN INDIA LSING I I IK FISSION-TRACK 
IKCIINIQL'K 
\ . Banzai. A. Ravval. P J Joio and Raiciuira I'rasad* 
Mbiircct—Thi' "drN" fission-track rc^ i^sirjiion method "as 
usi'd to ana!>/i' urjnium conccnirjlitms in drinkinu viator 
samples colkcii-d fnim curious ".iter '>ourci'> in vdiiK- ciiiis 
of India. K nucicar track detector made of plastic was used 
for registtriny fission tracks. Resulls slio^ed a uranium con-
centration in drinkina «aier of 0.67-20.26 pg L"'. 
Health PhNs. 6:(3)::."-:59;-1992 
Ke\ Hords: uranium: grotind»jtor: "ater. ground; detcctor, 
flssion-irack 
I.M KODLCl iO.N 
I K w i i M is the hc jMCv i e l c n u n i p i c v m in a lmost al l 
minera ls , rocks, sand, and ^Oll a n d is i m p o n a n i bcvai isc 
oi" -.IS v lv jn ' i i ca i and r a d i O i O \ i c i t \ . \ \ ' a i c r j o h k ' s i n t o 
con iao : u n h .sc\cral minerals, a n d c r the ear.h's surface, 
and a r a n i u m in t rans io r rcd to u . i l c r b> ;ts Icac l i iny 
ac-.ion. L r a i u u m a b o n u > be i n t r o d u c e d ir.to d r i n k i n g 
water supp l ies b> h u m a n a c t i M t \ d u n n g aran iumi ore 
min i r . i ! and n i i l l i i ^ i : R a d u i a c t i v e nucl ides f r o m ura-
n i u m a n d U s d e c a \ scries enter the h u m a n bods ma in l> 
t h r o u g h f o o d and d r i n k i n g \vater, i n h a l a t i o n being i m -
p o n a n ; o n l \ tor ' • • R n daui^hter p roduc ts . 
L ' r a m u t n an.d iis salts are h i g h h Iomc and mav he 
f o u n d in + 2 . -ra. - f 5 . or va lence slates, th.e most 
c o m m o n b e i n g the h e \ a s a l c n t a n d tet ravalcnt states 
(Co the rn a n d L a p p c n b u s c h I ' ^S. ' i N a t u r a l u r a n i u m in 
its unstable t c t rava len t f o r m is o \ i d i / c d to t l ie i o \ i c 
h e \ a \ a ! c n l f o r m . The h c \ a \ a l e n t f o i m then comb ines 
\M ih ac t ivc sues (phospha te g r o u p s ) o n the cell 's surface, 
b l o c k i n g n o r m a l me tabo l i c processes necos5ar> foi the 
cell 's s u r \ i \ a l (Siteere 19 "0 ) H e \ a \ a l e n i u r a n i u m in-
ju res the k idne ; .s . p r e s e n t i n g n o r m a l ssasie p roduc t 
e l i m i n a t i o n such as urea, resu l t i ng i n renal d v s f u n c t i o n 
The h e \ a \ a l c n t state is i m p o n a n i in wa ier because 
a lmos t al l t e i rasa len t c o m p o u n d s are insoluble. 
In th is s tuds , the "d r s m e t h o d " (Fleischer and 
Lose i t l ^ f i S : Bansal ct al l^'SS. A / a m and Prasad 
19S9)"isas used 10 measure u r a n i u m concen i ra i i ons in 
• Di-pannu-ni or \pplicj Plnsics Z II rol^cv of f ngincciuii; jr.J Tei..hr.oloj;\, Mnuirh Muslim L'nnc;sii\ \lu-jrh IikIij 
(l/i.i:(/\i/-(/'f'I'l tvic,/r yii/i !''''() '11, M .'/I',."., .•,••;/m ) 
O. •i'/h-r 1991. th.cpu'll 10 •i>'\i 1 
("opvnglit ' I'J'J: llc.illli l'l!)SKs Soviei;. 
d r i n k i n g ssaicr sami^les cc l lcc tcd f rom s'arious ssater 
sources in n u n i e r t ) u s cities o f Ind ia 
PROCKDI KK .VND C.Vl.CL L M'lONS 
W a t e r samp les svere col lected in fresh plastic bot -
tles that ssere rinsed u i i h doub le -d is i i l l cd s \ a i e r a n a tcsi 
u a i c r . respec i i se ls . F rom each test-\saier sample, a 
knossn v o l u m e o f ssaier (0 Oh m L ) was placed on a 
c lean, c i r c u l a r d isk (1.3 cm d iamete r ) o f a M e l i n e \ - 0 ' 
plast ic t rack d e l c c i o r by a m ic rop ipe t te that had alreads 
been r .nscd ssi i l i doub le-d is t i l l ed ssaier and then test 
water . A wa te r d rop le t was evaporated inside an osen 
at 7()°C. l e a s i n g a t h i n f i lm o f nonvo la t i l e const i tuents , 
i n c l u d i n g u r a n i u m . The dr ied droplet on the detector 
s^ab c i i se rcd s \ i i h ano ther s im i l a r c i rcu lar disk to m a k e 
one pel let . 
Scsera l pcllei.s o f di lTerenl water samples s>.cre 
p laced ins ide an a l u m i n u m capsule a long svuh a stand-
ard glass o f knossn u r a n i u m concen t ra t i on (Bansal et 
al 19^)0). s c r s i n g as a f l u \ dos imeter . A b lank pel let 
w i i h o u l an cs a p o r a i e d water d r o p also was placed insnie 
the capsule, sshich was then exposed to the rma l neu-
t i o n s w i t h a Hun - 1 0 ' ' nst at the APSAR.A reactor 
loc. i ied al B h a b h a A tomic Research Center . IJombas, 
Ind ia . 1 h c n n a l ncut ro- is p roduce f ission in - ' ' L ' 
(=( ) .7 ' ' t in n a t u r a l u r a n i u m ) , and the resul t ing fission 
f ragmci ' . ts p r o d u c e latent damage in the plastic t rack 
dc i ec to i that can be revealed as tracks after e tch ing 
A f t e r i r r a d i a t i o n , the detector disks s*.cre separated 
and ssashed. T h e detectors svere etched m 6 m N a O H 
s o l u t i o n at 6 0 ' C fo r 90 m i n and then washed and d n e d 
to reveal the fission tracks. Resu l t ing fission tracks were 
c o u n t e d us ing a b inocu la r research microscope at a 
4 0 0 x m a g n i f i c a t i o n . The pa t te rn was a lmost c i r cu la r 
in the t rack a r ray , h a u n g h igh track abundance a long 
the rim d u e to th i cke r depos i t i on at the edge o f the 
d rop le t site a n d u n i f o r m d i s t r i bu t i on in the ccn te r 
reg ion. A l t h o u g h c o u n t i n g al l the tracks associated w i t h 
a d i o p l c l is best, it of ten becomes c u m b e r s o m e due to 
the n u m e r o u s t rack densities. Therefore , the tracks were 
c o u n t e d per un i t length ( .V ; ) in the rim's w i d t h (o). 
w h i c h is m u c h ie.ss than the radius (R) o f the d r o p per 
un i t area ( .V , ) In t i ie in te r io r region. Because \' i . and 
t M.iiuil'.icniieil In Imperial Chemical Industries Ltd . 1 ondon 
IkMhh I'his M:!Kh P''':. W'lumc 6J. Nunilvr 
'A , were almosi coiiNtani am) Uic Jroplcl had a ciivniar 
pauern. xhc total number of" tracks can be given as 
(Heischerand Delany 1Q76): 
( I ) 
T r a c k s recorded i n l i ie b l a n k pe l l c l were s i i b t rac i cd 
f r o m to. take i n t o a c c o u n t the b a c k g r o u n d t racks due 
to the uraniiMTi in the p las t ic de tec to r a n d doub le -
d i s t i l l e d water. Bo th de tcc to rs Nvere scanned a n d the 
m e a n taken to o b t a i n the n u m b e r i)!" t racks. A' T(-> f ind 
the t he r rna i n e u t r o n dose fo r these i r r ad i a ted samples, 
the e \ p i sed s tandard lilass was iVeshh cu t . e ic l ied in 
4S' ' - Hi- at tor 5 s. and scanned for I ' lss ion-uack 
dens::\ 
T h e .iranii;m c o i ' c e n i r a i i . M i . ( ',. was d c t c n i i i n c d : 
A . I / Cl 
IS '.i '.al n u m b e r o l ' l i s s i o n t racks; M. the a t o m i c 
vveig.h: o f "he tlssile ( - " ' L ' l isot<ipc: I', the v o l i j n i e o f 
w a t e r d r o p taken : ( / . the g e o m e t r y l ac to r l o r d c t c c i i n u 
tracks, i n the de tec to r , w h i c h is t aken as un i l> because 
the res idue 's th ickness is m u c h less t han the ranj jc o f 
f i s s i on iVagments (each f iss ion f r a u m e n t is there fo re 
r e c o r d e d in :he t w o de tec to rs ) : .V, is . \ v o g a d r o ' s n u m -
ber . c. the f iss ion cross-sect ion fo r the fissile ( - " L ' ) 
i s o t o p e (.^••sfi barns) : a n d = I - (J'... / ' ' .•) '—the c ichn^u 
e lT ic ienc) f a c t o r — w i t h I ' - a n d I ' as b u l k and t rack-
c t ch rates, re,specti^e!^. F o r i h e M e ! i n e . \ - 0 d e i e c . n r , I'b 
« I t s o that / ' = ! . / is tl-e i so top i c a b u n d a n c e rati^i o f 
• ' • ' f i n u r a n i u m ; is the t h e r m a l n e u t r o n Hu.v. 
T h e thern^al n e u t r o n (lu.\ was o b t a i n e d us ing a 
s t a n d a r d glass d o s i m e t e r a n d t l ie ec iua t ion 
= a;. I.') 
w h e r e i ' is a cons tan t d e p e n d i n g o n the m a i c r i a ! o ! ' ; h c 
glass, a n d is the t'lssion t ruck dens i t y due to uvamuiv . 
f i ss ion i n the glass. The s tanda rd glass used in th is stud;, 
was a n I n d i a n glass shJc (sib crst ; i r m i c ros l i dcs ; ura-
n i u m c o n c e n t r a t i o n . 0 . " ~ p p i - i . i ts u r a n i u m u n i f o r m -
i t ) w a s \ e r i f ! e d and its m t e r c a i f p r a i i o n was p e r l o r m e d 
b> the i n t e r n a t o n a l l \ accep ted C'i 1,. F ischer ghiss stand-
a rd . h a v i n g a u r a n i u i r . c o n c e n t r . i t i o n o f p|Mn 
(F le i sche r et at l^C.M. 
T h e va lue o f ^^^  in t i ie ghiss j s ^ d was l.()2S ;< U r -
n e u t r o n s per t rack ( K u m a r a n d Sr i \ as iava 1 ); i lu is . 
0 = 7.J> .X iO ' " ( n \ t l . B> s u b s i n u t m g \ a l ues . eqn is 
r c d u c e d to 
C' 1.9S 1 . (4) 
RKSIT. I S AM) DISC L SSION 
T a b l e I presents u r a n i u m c ; i r . cen t ra t i on values m 
w a t e r s.:imii!es co l lec ted [rvHii va iKUis s i u i iw ' s i i i c i l ies 
cif I n d i a and aKo f r o m d i i l c i c m loca t i ons o f ihc same 
c i t ies. E r r o r s s h o w n are ' . tat is i i i .a! c o u n t i n g er rors . 
I ' r a n i u m c o n c e n t r a t i o n s m d r i n k i n g wa te r sar \ 
f r o m 0.(-'~ to 111.20 fjg I. ' a n d d e p e n d o n t i ic i \ | i e and 
site ol" the water source. 1 l i is \ a r i : u i o n m a y be due to 
d i l l ' c ien t c o n c e n t r a t i o n s o(" u r a n i u m f o u n d in soils, 
sands, rocks, a m i m i n e r a l s at d i f fe rent locat ions. Re-
por ted values o f u r a n i u m contents are m o r e than .10.0 
Jig 1 in va r i ous I ' . S . c o m m u n i i \ water suppl ies, 
whereas the average a m o u n t o f u r a n i u m in d r i n k i n g 
water ( g r o u n d w a t e r ) is j/g I . " ' ( C o t h e r n and Lap-
penbusch a n d 0 , 0 l 5 - y 7 . v 0 -^'g L " ' i n domes t i c 
water suppl ies in the U.S. ( D r u r \ et al. 1981). 
U r a n i u m c o n c e n t r a t i o n s in lap water were 0.42 mB 
l.-' in n r a / i l ( G c r a l d o el al. M)"9) and 1.86 L'' in 
I ran ( R i i i e r et al. 19S2). In ou r previovis st\ idies in 
Ind ia . u r ; m i u m c o n c e m r a t i o n s in domes t i c ; ind surface 
\ \a ie r s; imples sa r i c i i f i o m 0 . 6 - 1 9 . 2 fin L " ' (Ransal et 
al. 19SS. |0ou) . 
Es t imated y e a r b u r a n i u m ingest ion is 54 Bq f r o m 
d r i n k i n g water in the I. .S. ( C i i i h e i i i and I..appcnt-usch 
|9S. i ) . w h i c h is c^uiie large com|-)ared to i nges t ion / 
i n h a l a t i o n f r o m food , ' a tmosphe re , respect ivefv. 71.e av-
erage u ran iun ) c o n c e n t r a t i o n in g r o u n d w a t e r samples 
Tuhk- I. iTaiiium conceniraiions in drinking waicr samples. 
Tolal numhcr Luhorjior> ol'iraeks Uranium Cl'ili.' in draplei coiieenuauon mimbcr Snurcc l.i'ealion area (uu L"'l 
w r 1 T-Jr .Mi^arh Oo" = 0 i.i: WT : Tap .•MiLrh >.Mj - u.J: U T Tap Aliuarh 0..^" r O'P \V1 4 T.ip Tup Alii;arhi 1 .OO-J lO 10 £ 0.03 W I .•Xsaiisol 1.57 r O.u: •VVT Tap Buland.sh.ihar .s.:io 1.63 r O.O: w r - 1 ap Dohraduii 1.63 r O.u: W 1 s Tap Agra lU.-.-^d :.ii- = o.o: W 1 1 Tap A^ ra )4.0?i - 0,03 
\\ \ 10 Tap rx-ihi 3.36 = o.o: W I il lap Delhi ,S'>..SSO 17.so = U.03 \v i i; lap Jaipur is.44(< 3."5 = 0.0.' W I ! Tap Jaipur 4."7 r 0.03 \vi 14 Tap 1 iauiirali 1.' :3 = I),u3 will Har.d-pump Aliearh b.ir = o.o: \VH: Hane-pump Aliaarh 20.:6 : 0.03 Hanu-pump Dankaiir S.Si' 1.6: r o.o: w 11 ) llaiul-punip Jaipur :,4.s = oo: wii Maiie-pump Uul.indsluiliar 4.34 = 11.03 U 11 f, Hana-pi;mp Delhi 10 :o r 0.03 Ull ~ 1 laiid-punip Khurja 1(1 - 0 04 \vii s 1 laiivi-iH!iiip - u.o: Wil •) 1 iaiKi-punip \i;ra S,<i: J: 0,03 Wll 1(1 Haiid-pi;ini) Xura 14,"6 - 0,03 Wll 11 tiand-pump l:loor 4.24: 0..S4 = 0 02 Wll 12 1 laiiJ-puiiip ChiTai .^.4X5 0,69 r 0,0: Wi 1 "liiK'-^vvIl Miviarli > S" i 0 03 wi: 1 uK'-«cll Aliuarh 4.<.:4.': X,5() i 0 03 u 1 Tuix'-vM'll Delhi IN.S-^il 3."3 ± 0.03 Wl 4 Aura : .<1ou: W I 1 iii\'-\u'!l Ayra 4 ,S7 = I),u: Wi lurc-s".^'!! Agra jc.um 1 1 ,oy r 0.03 WW 1 W\-!l llo.ir 1\.(>I<' 1.3: r o.o: WW : W\il C'lieiai 5.4(14 1.07 = u.o: W W WV-li Narakal 5,'XI'J 1.17 i o.o: WW 4 W\.-!l QuiKin •S 1.73 D.l.i: WW < Weil Ae,r,. in.''.-^' :,i 1 n: o,o: W W (, Ai;ra is.ii.si ; (i.(>: 
I'lJIiiuin m >liuikii-,i; vi.nci ii liHfi.i • Dansm i i 
I r o m Ind ia i n ih is siuUv is u p p r o M n u i c h 6 ^ig I 
Thus, ihi? averace person c o n s u m i n g 2 L d " ' w o u l d 
.n fcs; about lO '? 'B . i > " ' f ' ' ' ' " " ^ n n k i n g vvnior in Ind ia , 
L r ; i n i um concen t i ' LUons in u n d c i g r o u n d d r i n k i n g 
sMUcr samples o b i a i n o d for the present stud> are q u i i c 
l i igh but l ie w i t h i n the range ns repor ted b> p r e \ i o u s l y 
ei ted inves t iga tors . 
i — T h e juihors iii th.ink Prof. R. K Vv.ij;,, Cluirnur.. Dopar.T.cni of -Xpplicd Ph>sii.s. Alieiirh Muslim fnn^-r. 
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The trace uranium concentrations have been deter-
mined in tobacco obtained from different brands of 
commercially available cigarette, beedi, chewing 
tobacco and also in pan masala, using fission track 
registration technique. Consumption of tobacco oral-
ly or by smoking may result in the intake of radio-
active elements into the human body causing hazard-
ous effects. External detector method was employed 
for the determination of uranium using Makrofol-KG 
as the fission track detector. The range of urani-
um was found to vary between 0.066-0.106 ppm, 
0.042-0.079 ppm and 0.043-0.092 ppm, in tobacco 
from samples of cigarette, beedi and chewing to-
bacco, respectively, and between 0.073-0.203 ppm 
in pan masala samples. 
INTRODUCTION 
Prolonged use of tobacco in any of its forms involves 
a health risk. Lung cancer and some other chest diseases 
have a causal relationship with the use of tobacco, main-
ly by smoking. Reverse smoking (keeping the lighted end 
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in the oral cavity) prevailing in the south-east coastal 
towns and villages in India has been found to be more 
hazardous due to the development of nicotine stomatitis 
and oropharyngeal carcinoma. A study held in this region 
shows that about 33% of reverse smokers had symptoms of 
chronic bronchitis^. Epidemiological studies show that 
lung cancer is associated with smoking and chewing of 
tobacco^. As many as 76 metals and several trace ele-
ments have been found in tobacco^. Therefore, it is 
worthwhile to assess the radioactive trace uranium, 
which is the parent element of the radioactive series, 
in tobacco to evaluate its role in inducing diseases. 
In India such studies are important since a good por-
tion of the population use tobacco in various forms. 
India is one of the major makers of tobacco in the 
world producing about 0.4 million tons of tobacco per 
annum. A great majority (about 80%) of it is utilized 
within the country itself in the production of beedies 
and cigarettes used for smoking and in the production 
of chewing tobacco and also in pan masala taken oral-
ly. Beedies are used for smoking by a large population 
of rural India. These are prepared by rolling dry to-
bacco leaf powder in a dried leaf and no filter is used. 
Tobacco is also taken orally in the form of chewing to-
bacco. It is also mixed in some of the pan masalas prep-
ared in the powder form by mixing it with dry betel 
leaves, betel nuts, lime and some other chemicals. 
Tobacco has been found to contain significant amounts 
of a number of radioactive elements, such as 
^^^Ra, etc.^. Several trace elements which play 
important roles in human physiology along with their con-
stituents enter the body through the respiratory tract. 
During smoking, the temperature at the tip of cigarette 
and beedi is as high as 1000 °C at which some toxic and 
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radioactive elements such as become volatile and 
enter the lungs along with the smoke, resulting in their 
deposition in the respiratory tract. Meanwhile, non-vol-
atile radionuclides like and may also 
be ingested through smoke. Alpha-activity of such radio-
nuclides has been found to significantly, increase the 
cancer risk due to chronic exposure of the bladder and 
lung^. Moderate dose rates of a-radiation to lungs may 
result in pheumonitis, which leads to fibrosis and loss 
of cell function. Among non-radiation factors, tobacco 
consumed orally and by smoking cause about &3% of all 
cancer cases in men and 43% in woman®. 
EXPERIMENTAL 
Popular brands of cigarettes, beedies, chewing tobac-
co and pan masala were collected from the local market. 
Tobacco taken out from cigarettes and beedies, and the 
samples of chewing tobacco and pan masala were dried in 
an oven at 7 0 °C for a few hours. These dried samples 
were ground thoroughly into powder form and sieved 
through a 100 mesh sieve. Fine powder of the samples was 
mixed homogeneously with methyl cellulose (a binding ma-
terial free from uranium) in the ratio of 1:2 by weight. 
From this mixture pellets of 1.3 cm diameter and 1 mm 
thickness were prepared using a hydraulic pellet making 
machine. Standard pellets of glass of known uranium con-
centration (0.770±0.006 ppm) were also made in exactly 
the same manner^. Circular discs of Makrofol-KG track 
detector were cut with the same diameter as that of the 
pellets and were washed with doubly distilled water. 
Each pellet of the samples was sandwiched between a pair 
of Makrofol-KG detector discs. Several such pellets of 
samples and standard were tightly encapsulated in an 
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altuninium can. This assemly of pellets was exposed to a 
12 -2 -1 
thermal neutron dose of 1.27x10 n cm s for three 
hours in the 'APSARA' nuclear reactor at Bhabha Atomic 
Research Centre, Bombay, India. The latent damage tracks 235 
resulting from the (n,f) reaction on U present in the 
tobacco samples and standard material are recorded on the 
track detectors kept in close contact with the pellets. 
Following irradiation, the detectors were separated from 
the pellets and were chemically etched in 6.25N KOH at 
60 °C for 20 min to reveal latent tracks. The etched de-
tectors were optically scanned using a binocular re-
search microscope at 450X magnification. The average 
track density was found by scanning the whole area of 
both detectors in contact with each pellet. From the 
track densities of the detectors in contact with samples 
and the standard material, levels of uranium in tobacco 
samples were calculated using the equation^ 
"x = "s ^^x/'^s) 
where the subscripts x and s refer to unknown and stand-
ard, respectively. U represents the uranium concentration, 
T the track density and 1 the isotopic abundance ratio 
235 238 
of U and U. Assuming the isotopic abundance ratio 
to be the same in samples and standard material, the last 
term of the above equation can be taken as unity. 
RESULTS AND DISCUSSION 
Results of the analysis of uranium concentration in 
tobacco taken from cigarettes and beedies are given in 
Table 1. In cigarette tobacco, uranium level was found 
to vary from 0.066 ppm to 0.106 ppm, whereas in beedi 
tobacco, the variation was from 0.042 ppm to 0.079 ppm. 
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TABLE 1 
Uranium concentration in tobacco from cigarettes and beedies 
Sample U-concentration, 
ppm 
Sample U-concentration, 
ppm 
Cigarettes 
CI 0.103±0.001 B4 0.07510.002 
C2 0.086±0.001 B5 0.06410.002 
C3 0.066±0.001 B6 0.069+0.002 
C4 0.09110.002 B7 0.057+0.001 
C5 0.106±0.002 B8 0.068+0.002 
C6 0.101±0.002 B9 0.064+0.002 
C7 0.068+0.001 BIO 0.06910.002 
Bll 0.05810.001 
Beedies B12 0.07210.002 
B13 0.07910.002 
B1 0.05610.001 B14 0.06510.002 
B2 0.04210.001 B15 0.06710.002 
B3 0.06510.002 B16 0.063+0.001 
Levels of uranium in chewing tobacco and pan masala sam-
ples are given in Table 2. In chewing tobacco the range 
of uranium measured was between 0.043 ppm and 0.092 ppm 
and in pan masala between 0.073 ppm and 0.203 ppm. Ranges 
of uranium concentration and average values for various 
tobacco and pan masala samples are listed in Table 3. 
In general cigarettes were found to have higher ura-
nium content than beedies by a factor of about 1.4 on 
the average (Table 3). Of all the samples analyzed, pan 
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TABLE 2 
Uranium concentration in chewing tobacco and pan 
masala samples 
Sample U-concentration, 
ppm 
Sample U-concentration, 
ppm 
Pan masala Chewing tobacco 
PMl 0.084±0.002 T1 0.043±0.001 
PM2 0.073±0.002 T2 0.053±0.001 
PM3 0.203±0.003 T3 0.063±0.001 
PM4 0.147±0.002 T4 0.053±0.001 
PM5 0.123+0.002 T5 0.073+0.002 
PM6 0.145±0.003 T6 0.067±0.001 
PM7 0.109±0.002 T7 0.092±0.002 
PM8 0.134±0.002 T8 0.073±0.002 
TABLE 3 
Uranium concentration in various tobacco and pan 
masala samples 
Sample Range of uranium concentration Mean±S.D., 
Minimum, ppm Maximum, ppm ppm 
Cigarette 0.066 0.106 0.089+0.015 
Beedi 0.042 0.079 0.065±0.008 
Pan masala 0.073 0.203 0.127+0.038 
Chewing 
tobacco 
0.043 0.092 0.065±0.014 
masala was found to show the highest level of uranium. 
Pan masala and chewing tobacco remain in contact with 
the tongue, inner cheek, palate and gum for a long time. 
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Therefore, the presence of uranium in these materials 
may be of considerable importance similar to the occur-
rence of in cigarette smoke®, which is found to Q 
play an important role in the etiology of lung cancer . 
The real impact of smoking depends on various factors 
like puff volume, puff frequency, puff duration, tobac-
co type and its constituents, moisture content, draw 
resistance and additives, etc. General characteristics 
of these products are often changed deliberately by 
changing the constituents and manufacturing processes. 
The characteristics will also vary due to changes in 
crop characteristics, stressing the need for studying 
various brands of tobacco products. 
The levels of uranium obtained by the analysis of to-
bacco samples by Instrumental Epithermal Neutron Activa-
tion Analysis in Netherlands were found to vary from 
0. 008 ppm to 0.24 ppm^*^. In Indian cigarettes the ura-
nium concentration has been reported to be in the range 
of 0.04 ppm to 0.01 ppm^. The health risk due to the ra-
dioactive traces present in tobacco depends on the quan-
tity of uranium accompanied by the particulate material 
of the cigarette or beedi smoke inhaled by the smoker. 
The hazardous effects of uranium mainly depend on its 
retention period in the human organs. For frequent users 
its presence in chewing tobacco and pan masala can be a 
main cause of concern related to tongue and throat cancer. 
The authors thankfully acknowledge financial assist-
ance by the Council of Scientific and Industrial Research, 
New Delhi. Thanks are also due to Prof, R.K. Tyagi for the 
useful discussions. 
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coal, for powoi (U'lioralion, ('oal and ils li\-|iio(liu ls olu ii lo m ' i('iiirnaiil of liidioiim !;ilrs, 
iiii'luilin); iiianiiiin, winch is llic tdlnn.ili' sonirc ol ilic iiiilin.ii i "as Kailon ' llniiini^' i o.ii .in I llic 
subsciincjil emission lo llic alniosplicic. cansi's a rc-disii iluition ol i. i; I rat e i I'-nn-nls in llic ens iionncnl 
The (iiesciit study pivcs the conconHaliou of niaiiKuu in coal san.,iles of dillorcnl colliciics in l'\<tia. 
collcclod from various Ihormal powct plants in the stale of I lllar I'ladcsh The eslunalcs were iiiailc ^s.ny; 
the lission (rack lcchnk|uc, l.alcnl damajie Hacks wcie nol found lo IK- nnifoinilv disiribuied biil s'L- »ed 
sun hursis and cluslcrs, Non-nnifoiui disliiliulioiis of liaee eleineiUs aie a veiv iomhikmi plieiioineii.-ii in 
mcks, riu' levels of uiaiuuni il  the coal samples «i'u louiid lo vais fioni ,'0 In .|ijppm hi iinilntiii 
illslrlhulions and from lo •ll .Oppm m noii-unilorm ilistnhulions. Measniemrnis were also miide on 
fly ush simrples where the average lu.innim eoncenlialion was found lo he S and '1') ippni ni unilorm 
and non-uniforni dislribulions, rcsjieClivelv 
I IN I RODPCTION 
Pi'cscnt ci;iy w o i k ! energy p iXHlucl id i i is ( l o in in i i l cd liy fi issii fuels nml ihe i i ex ims i vc use poses 
gie;U a iu l g r o w i n g coneer i i oser the g lu lx i l env i ro i i i ne i i l ih ie lo l l ie release of sanous tox ic elemenis 
ami Ihc i r inf l i ie i ice over the eeosystem (lU-ek c/ al.. I''S()), ('o,-il, (lie second larpesi suppl ic i of w o r l d 
energy is n i i i i i i l y used for generat ing e lec i r ic i ly . In Ind ia aho i i i ^ ' i " ; , of the lo ta l c l ec lnc i l y is 
gener i i tcd by using coal as a I'liel ami llu- i i ie' ieasmg demand loi eiifi).',\' in Ind ia lias resnl led in a 
surge in e<Kil n l i l i / a l i o n o\'er the last i w o ilecades 
'I 'he huge c i i ian l i t ics o f sol id waste produced in sar io i is coa l - t i red | iower p lants have caused 
considerable concern (Siotis and W r j / ) m , 1984; S t randen. I his is n ia in lv due to adscrse 
env i r onmen ta l Impact such as eon tam i i u i t i on of surface and surface waters, loss of soil fe r t i l i ty and 
cn l iancemcnt o f env i ronmen ta l rad ioac t i v i t y (S l y ron , 1980), for example f o a l , l ike niosi ear th 
m i i t eHa l f i cnn t t t i nx t r i i coq imn t i t i c s of na l i i n t l l y occu r r i ng n i d i n n u t i i d e s , I ' v a l u a t i o n of ihci occurrence 
n iu l d i s t r i b u t i o n it f t jnvir t^ninet i t f t l l ) ' s i g n i l k t u u Iracc cieniunts in utHil can be usud i n ushuhs the 
m o b i l i z a t i o n of these elements i n to the biosphere ( P o w e l ^ c / <(/., 190! ) 
C'oul conUius t ion has been ident i f ied as the single largest smirce of i t imospher ie l l g . M o and Sc 
and the m a j o r c o n t r i b u t o r o f many o ther tox ic elements (Powe l l ci <//,, 1991). Ind ian coa l - l i red 
t hc rmu l power p lants p roduce about 75 m i l l i o n ttMino of ash wasie aniMial ly ( N a n d g o a n k a r , 1991) 
Vo la t i l e tracc elements in coal such as As, Me, C'd, I-, l l g , Sb, l i i , CI, r n , ( ; a . I, M o , Pb and / n . 
for example , are h t izardous to man because of the i nha la t i on ol dusi and of po l l u ied air at some 
t i i resho id concen t ra t ions . 
I n a t he rma l power plant coal is b n m i ai very h ig l i I cmpera t ines inp i n 1701) ) l iy wh ich mosi 
of the minera l m a i l e r in the coal is fused in io a v^i |) l ied ash. A p o r i i o n ol l l ic ash and i i i comp lc le l y 
bu rn t o rgan ic mat te r are col lected b\ ilu- par t i cu la ic c o l l e d m v dcvucs .iihI ate d t o p p e d l o the 
b o t t o m of the furnace as slag. Hue l(> ihe high ash co i i l en i in I nd ian l o a l (Powel l ci al . 
* Aulhoi (oi coiiespoiuleiu'e 
(XK) I'. 3 Jill" <•( ill 
1991) thermal power plants arc presently not able to control atmospheric emissions to t^i^lesirccl 
<i- level. The fly ash is also carr ied th rough the boi ler a long w i th the hot l luc gj^ 
( s ^ t o the atmosphere w i th radionucl ides con t r i bu t i ng s igni f icant ly to the ambient rad ia t ion level. 
There is an en i ianccmenl in rad ionuc l ide concentrat ions d u r i n g coal combus t ion due to the 
e l im in iu ion o f the organic compounds . It has been est imated that about 4(KK) tonn«g)of uranivi in 
and 8000 tonne of th(>rium are d is t r ibuted a long w i th their progeny solely by coal combus t ion 
(F reml in and Wi l son , 1979). 
U ran ium-238 , the parent element of the u ran ium series has a half- l i fe o f 4.5 x 1 0 ' y and suppor ts 
a series of rad ionucl ides inc lud ing the inert rad io tox ic gas radon (Rn-222). Radon is chcmical ly 
inert rad ioact ive gas w i t h a half- l i fe of 3.8 days wh ich can be inhaled and lung tissues be exposed 
to the a-part ic les emi t ted f rom it and its progeny, increasing substant ia l ly the health risk (Cohen, 
1979, 1981, 1982). Assuming a representative value of 10 tonne/day of coal consumpt ion by a 
thermal power p lan t , ihe est imated act iv i ty d is t r ibu ted per day per M W ( c ) is about 2 x 10' 'Hq 
f rom U-238 ( U N S C E A R , 1982a, b). Compared to the commonly -be l ieved, hazardous nuclear power 
stat ions, coal- f i red power plants may be more harmfu l when hazards per K W of electr ici ty producet l 
arc considered (Beck ct oL, 19H0; Cohen, 1979, 1981, 1982; Siot is and W r i ^ n , 1984; Stranden, 
1983). In the present s iudy the concent ra t ion of u ran ium has been est imated in a number of coal 
and some fly ash samples col lected f rom var ious power plants in the state of U t t a r Pradesh in 
Ind ia . These samples were mined f rom dilVercnl col l icr ics in Ind ia . 
2. r . X P i : R ! M I : N I A I , T l X l l N I Q U i ' 
The fission track r.^gistration technique has been appl ied for the measi irement of u r a n i u m 
concent ra t ion (Kleischer et'al., 1975; A / a m and Prasad, 1989), Th is method has high sensit iv i ty 
and can be used for m ic ro -mapp ing , even at sub-ppb levels of u ran ium. The fission fragments 
resul t ing f r om the ( n , f ) react ion on U-235 are observed by track etch detectors kept in contact 
w i th the sample or s tandard mater ia l , P r o m the number of etchcd tracks In the dctcc lors, u n i n i u m 
concentrat ions in the samples can be est imated ( A / a m and Prasad, 1989). fccn.^ 
Samples of coal and fly ash were collected in clean and dry po lyethy lencyf rom the coal-Hrcd 
thermal plants s i tuated at K a s i m p u r and J h a n J The samples were finely g round and sieved t h rough 
a 100 mesh sieve. A homogeneous m ix tu re of the saniple and methy l cellulose powder (a b ind ing 
mater ia l free f rom u ran ium) was made in the ra t io 1:2 l ' ' ) ' m i x t u r e a 
th in pellet of about 1 m m thickness and 1.3cm in dia w a s w a d e ^ using a ^ m ^ i m e ^ p l y i n g a 
pressure of about 5 0 M P a . Pellets of s tandard glass of k n o w n u ran i im i concent ra t ion (Azam and 
Prasad, 1989) were also made in an exactly s imi lar manner , l iach of these pellets was sandwiched 
between a pai r t)f M a k r o f o l - K G plastic track detectois. A l l the pellets of the samples and the 
standard glass were enclosed in an a l um in ium " C a n " and i r rad iated w i th thermal neutrons in the 
" A P S A K A " reactor al the Uhabha A tom ic Rescaicli Centre. Ut imbay ( India) . The neut ron dose 
used for i r rad ia t i on was aboul 10'^ ( i iv i ) , Af ler i r rad ia f ion the detector discs having latent fission 
tracks were separated IVom llu- pellets . i iul chemicalls c k h c d in 6.2.'> N K O H solut ion at (lO'C for 
20 mi l l to reveal l l ie lissuin tracks. The Hacks p rod iKcd in l l ie delecto is by Ihe fission of U-2.1.'' 
were scanned using an opt ica l microscope al magnif icai i iMi of 4(H) x , Wh i le scanning iy was observed 
th. i i the d i s t r i bu t i on of u ran ium in ihc samples is nut i m i i o r m in (he whole region as cvit lenced 
by s(jiiie track c l i i s le r . and sunbi i is ts formed in ihe d e l e i l o i This type of non-ui \ i l 'orm i l i s l r i bu t i on 
(if i i .KC eleiiH'ii ls IS r n n m i o n m locks Tl iercro ie. l l i r un i fo rm and non -un i f o rm track densities 
ue i c iii.i|(|xhI out se|i.i i . ;Uly In llii- I'.r.e il uoi i u iu lu i i i i l i . u k dis l i i hu t ion (cluslei s/s i l i ibui sis), tla" 
track Jcnsi iy was calculated l i o i n l l ic acluai area occupied by each c lus ler /sunburs l . |- 'rom the 
track densities in l l ic de lec lo is iDve icd w i l l i samples ami s la iu lard glass, u i a n i u m concentrat ions 
weie c i i lcu la lcd usiii)' the i c l a i i on ( A / a m ;iii(l I ' o s i i i l 
r j ( I 
I I . . • li.rilHMl IIL.IS... :•, In.fiji > s.mim , (>"i 
wlU'U' iln' suh'Hiipl-> * iiiil iiii^nimii .iikI .l.iii'l.ihl i (-.i •< c 11 ul \ , / r. Ilic Ir,•jiiii iMik 
ilrilMlV ;iiul I llu- isoldpK' aluin.1,111. r i.ilU' I ' .iml 1 ' 'K ;\',mimiih)' llir I'.dlnpic .iliiinil.llK c 
lalio lo Ix- llio s;imc iii ihc sample ,iiul m iIk' slaiulaul inalnial i c. /J/, I (Sciifdc ri al., iVS7) 
the rclalidii lediiccs lo 
l \ l\i'l\"l.). (2) 
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Coal samples f i o m 15 i-oIIii-ik's aiui lly ash l i n in .! l l i u i in i i l |hiwui i i l i u iU WUH! nnillvm'tl 
(Table I). A lu imhcr i i f satnpics f runi cach coli i i ' i>' were analysed ami (he average value was obtained. 
1 ' lur inn seanninj', of I he deleel i i i s il was lo i ind I ha I l he l i at ks w eie ei m u l e d in(fj)rew regmns imply in;; 
lha i , ivueroseopieally. i na i i i um is nni eveii lv d i s l nh i i i ed in eoal i in l ike ils d i s i n b i i i i o n in other earth 
materials. The u n i l o i m u i a m i i m eo iuent i a t ion was lonnd in va iy l i m n .20 tn 4 . '^ | ipm and the 
n(>n-in)ifoi n\ l onee iU ia t i on l i o m 'I l i n - l l O p p i n wi th .i nei a\ei.i)'e ( oneent i . i t i nn nl I7 ' ) ppn ) . 
in the present investigations. 
The levels o l ' u r a n i u m ei^neent ia imn in eoal are l i ighei when eninpared to those in nthei earth 
mater ials sueli as soil a iui sand t.A/.am and Prasad, IVK')). l inhaneed levels of u r a n i u m and its 
peculiar d i s t r i bu l i o i i in eoid mav be i l i ie to eenlur ies- loiui , I 'omplex processes of coal i f ieat ion. 
I I ran in i i i series r i id ioni iL i ides in eoal are i le i i ved p r imar i l y I rom inorganic sedin)cn'l.s, especially 
elay and silt Some of the o i i gma l l iaee elements whu h weie taken np by Ihi- plant species of the 
carboi iaccoi is swamps i i i igh l l ia \e been i c lamed alter then b reakdown and incorpora ted in 
develop ing coal matter . C"onten>porary sed imenla l ion may alsn have in t roduced high concei i l ra t ions 
of in i i icra is. Trace elcmcnls w i l l also be gained f rom and lost to i n f l ow ing g r o u n d water du r i ng 
and after the eoal i l icat ion process ((. 'hadwick and l . i i u lman . The m ig ra t ion of the metal rich 
magnet ic fluiii to the areas adjaceni to ctuil i lepi 'si ts can result in epigenie m m e r a l i / a t i o n (F' irth, 
l ' )71). 
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l U ' a U h r isks may arise w h e n the coa l is b u r n t e l i m i n a t i n g its o r g a n i c c o m p o n e n t s a n d resu l t i ng 
in the f u i t l i c r c n h a n c c m c n l of r a d i o n u c h d e c o n c e n u a t i o t i s . l-'ly ash samples have been f o u n d to 
c o t K a i n a b o u t ^ H . K p p m of u r a n i u m ( U - 2 3 8 ) o n average. The h ighe r concen t ra t i ons o f u r a n i u m in 
f ly ash c o n f i r m the e n r i c h m e n t o f t racc e lements d u r i n g coa l c o m b u s t i o n . A t the present t i m e fly 
asl i is used t o m a n u f a c t u r e cement and b r i c k s , thus p o s i n g a greater chance for the presence o f 
n i a j i y ^ a d i o t ( ^ N i c e lements s u p p o r t e d by the u r a n i u m decay series ( I ' e n s k o at ai, 1980: S io t is a n d 
\ V r i 0 o n , 1984; S t r a n d c i i , 1983; U i b a k c i a l . , 1984). R a d o n gas, w h i c h is f o u n d to causc l u n g cancc r 
a m o n g u r a n i u m m ine rs ( A r c h e r ct al., 1973; Scve ci ai., 1976), is one. 
W h e n the emiss ions f r o m coa l - ( i red , t h e r m a l p o w e r p l an t s arc cons ide red , the h i g h ash c o n t c n l 
o f I n d i a n coals is a negat ive fac to r fo r the successful c o l l e c t i o n of the b y - p r o d u c t s of coa l c o m b u s t i o n . 
M o r e o v e r , the p a r t i c u l a t e c o l l c c t i o n s j s t e m s , st ic l i as m c c h a n i c a l p rec ip i t a to rs used in the p o w e r 
p lan ts are not f o u n d to be ed ic ien t up to the des i red level. Severa l recent studies he ld in U n i t e d 
Slates o n aen^st^is in coa l - l i r ed t h e r m a l p o w e i p lan ts levea l tha t the trace e lements b c c o m e 
c o i u e n t r a t c d <mi s ina l i c r fly ash par t ic les ( I I N S C l ' . A K , l ' )H2a ,b ) . 
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1 ' n h a n c c i n c i U of 1 r a c c U r a n i u m in I-'ly Ash 
p. .1. JOJOBA. R A W A T a n d RAjr:NDRA P R A S A D 
1 )i'p.ii'niciu r.f Applied I'hy.ic.s. I'acull.v i>l r.iit;incering and Technology, Aligarh Muslim Unjirisiu 
Aligarli 202002. India 
(Ri'icncJ (! April IWJ: in raisfj form 27 July 1993 j 
Alisiraci l'l> ash is Ihe end prodiici of coal combustion and coal, like most earih maiciials. coniaiii^ 
•"(.'. llu- parent element of Ihe uranium decay series which supports several radioactive decay products 
incluilint; radon, Lar^e quantities of 11; ish are cx|>cllcd from coal-fired thermal power plants and these 
cotnain enhanced lc\cU of radionuclides along with other toxic elements In the pre.se• • vtuih. 
conceiuiations of uranium m lly ash. slag and coal samples obtained from lw.o major tlicinval powei 
plants in India haM- been esliniated usinr. the lission track registration technique, Tly ash and slag haw 
(x-cn lound to h.ive enhanced levels of uianiiini when compared with coal, 
1 I N T R O D U C T I O N 
Na i t j r . i l mi iu- r ia is con lu in var ious trace clcmcnis i nc lud ing u ran ium, t h o r i u m and their radioact ive 
decav p roduc is . Coa l is no cxccpt ion and ihe combus t ion of pulver ized coal in power s ia i ion boilers 
rc^ui^^i in conccn t ra t i ng some 3 0 ^ 0 tracc elements, i nc lud ing rad ioact ive nucl ides in the mineral 
residue, in Hy ash ai .J b o t t o m ash (Dreeson ct al., 1977; Cha t tc r j cc and Poolcy, 1977; Coles ci al. 
1978; Swaine. 1978). A smal l p ropo r t i on of ash is released in to the atmosphere whi le ihc bulk of 
the ask is col lected for fur ther use or disposed of as sol id waste. Depend ing on emission con t ro l 
devicc^. such as mechanical and clcct: ostatic precip i tators, flue gas scrubbers and fabr ic fil lers, ash 
rc i cn i i on \ a n c s between 70 to 9 0 % ( U N G A , 1980). Var ious methods have been adopted for 
d isposing l1y ash collcc'.ed by the emission con t ro l devices. The present me thod is to deposit ihc 
l ly ash and slag ( bo t t om ash) as a wet s lurry in an ash pond. By direct run o(T, or by a gradual 
process of leaching ash may pcrcolate f rom the ash pond to nearby water bodies, resul t ing in the 
accumu la t i on of elements toxic to acqual ic organisms. 
C o m p a r e d to o i l and natura l gas together, the w o r l d reserves o f coal are exceeded by a factor 
greater than three. When unit energy produc t ion is considered, the q u a n t u m of release of par i icu la ics 
;ir.d toxtc po l lu tan ts is higher for coal than for o i l and natura l gas ( U N E P , 19S1). Bu rn ing coal for 
elecir ic i ty generat ion results in the expulsion of huge quant i t ies of sol id waste and the discharge 
•n! considerable amoun t of hazardous materials to the env i ronment . 
liiLi.-a V. il l l i , r .c to depend significant!;, on her vasi resources of coal for energy requirements in 
ihe fiirsec.ibk- future. F i ie imal power generai ioi i , \ \ h i ch cont r ibutes about 7 2 % of over-al l power 
generatiiMi m India, occupics a predominant place in the power sector, the bu lk of wh ich is coal 
based. I^erv ' sear there is generally an increase of 14 1.5% in the thermal power gcneral io i i and 
it is cs imiated that in ihe next decade the p roduc t ion of coal-ash is l ike ly to exceed 1.3 x 10 ' ' tonne 
per sear by the turn of the century. Chemical ly , l ly ash is an a l u m i n o sil icate glass consist ing of 
oxides of Si. Al . I'e and Ca w i th m inor amounts of Hg. Na, K . T i , S and var ious trace elemenls 
inc lud ing the rad ioac i i \ e elements - ^^Th and (Papastefanou and Chara lambous , 1984; 
Palit iT al. 1991a. b|. In a power plant consuming lO tonne of coal per day, the mob i l i za t i on of 
radioac iviiN to the a imospherc due to alone is about 1850kBq ( U N S C I Z A R . 1982), 
L ' raniu in-238. the parent element of ihc u ran ium series has a half- l i fe o f 4.5 x lO^y r and su[ ipor is 
a scries of 13 main decay products and several other radionucl ides inc lud ing radon which is 
considered to be the largest single source o;' rad ia t ion exposure to the human popu la t i on (Catnpl in. 
19X0: Ci ihen. i9x:i 
( , U ) I ' -I 
Analvscs of coal and fly ash ind icate the enr ichment o f trace elements in fly ash (Drecson ei al., 
1 9 7 7 ; Chad wick and L i n d m a n , 1982). M o s t of these, except su lphur , are enr iched d u r i n g combust ion. 
It IS est imated that the to ta l annua l af f luent p roduc t i on f r om a 1000 M W ( c ) coal i ired thermal 
power plant is as h igh as 5 x 1 0 ' t o n n e s of wh ich nearly 1.4 x 1 0 ' t o n n e are a i rborne afl lucnts. 
Ind ian coal has a h igh ash content and the to ta l fly ash p r o d u c t i o n f r om thermal power plants is 
est imated to be ca 64 m i l l i o n tonne per year, assuming 4 0 % ash con ten t in coal (Powel l ei al.. 1991). 
Fly ash has found wide app l i ca t i on w o r l d - w i d e for cement and sand replacemeni in pre-mixcd 
concrctc, for the manufac tu re of b lended fly ash -Por t l and cement, serated concrete, fly ash clay 
br icks and blocks, for road m a k i n g and as a f i l ler in asphalt . T h e use of fly ash products , especially 
as bu i l d ing mater ials, may result i n r ad ia t i on exposure of humans to unacceptable levels of rad ia t ion 
(Coles el al., 1978; St randen, 1983; S ic t is and W r i x o n , 1984; U l b a k el a!., 1984). Thus , it is impo r tan t 
to estimate the concen t ra t ion of u r a n i u m in coa l and fly ash for the assessment of r ad ia t i on exposure 
levels 
In the present invest igat ions, est imates have been made of the trace u r a n i u m concent ra t ions in 
fly ash and slag col lected f r o m t w o m a j o r the rma l power p lants i n Ind ia s i tuated in the state o f 
U t t a r Pradesh (U.P.). Some coal samples were also analysed to observe the enhancement of trace 
u r a n i u m in fly ash. 
2. M E A S U R E M E N T T E C H N I Q U E 
The fission t rack reg is t ra t ion technique was used for the t race analysis o f u r a n i u m (Fleischer 
el al., 1975; A z a m and Prasad, 1989; Jo jo et ai, 1993). Th is m e t h o d employs dielectr ic sol ids 
(Sol id State Nuc lear T r a c k Detectors) wh i ch are capable o f p r o d u c i n g latent damage trai ls ( t racks) 
o f fission fragments passing t h r o u g h them. These latent t racks o n the a tom ic scale can be enlarged 
by preferential chemical etching. 
Samples, and a s tandard mate r ia l o f k n o w n u r a n i u m concen t ra t i on kept in close contact w i t h 
dielectr ic track detectors were i r rad ia ted w i t h neut rons in the the rma l c o l u m n of a nuclear reactor. 
The latent tracks f o rmed in the detector by the fission f ragments o f (n, f) react ions on - ^ ' U were 
visualized by chemical e tch ing and the t rack densit ies obta ined. C o m p a r i n g the t rack densities o f 
dctectors w i th samples and a s tandard mater ia l , u r a n i u m concent ra t ions in the samples were 
determined (Azam and Prasad, 1989; Jo jo el al., 1993). 
F ly ash, slag and coal samples were col lected f r om the coal fired the rma l power p lants at K a s i m p u r 
and Par ichha in the state of U.P. in Ind ia. T h e samples co l lectcd were finely powdered and sieved 
t h rough a 100 mesh sieve. A homogeneous m ix tu re of an accurate ly -weighed sample powder and 
methy l cellulose (used as a b inder free f r o m u r a n i u m ) in the ra t i o l ;2 by weight was pressed i n t o 
a th in flat pellet o f 1 . 3 c m d i a and 1 m m thickness us ing a hyd rau l i c machine. Pellets o f s tan- lard 
glass of k n o w n u r a n i u m concen t ra t i on were also made in the same manner . Each o f the pellets 
was sandwiched between a pair o f M a k r o f o I - K G plast ic t rack dc tec tor discs. Pellets o f samples 
and standard mater ia l were encapsulated in an a l u m i n i u m can and i r rad ia ted at a t he rma l neu t ron 
dose of ^ 1 0 " ( n v t ) in the ' A P S A R A ' reactor at the Bhabha A t o m i c Research Cent re , bombay , 
India. Af ter i r r ad ia t i on the detector discs were separated f r o m the pellets and etched in 6.25 N 
K O H at 60°C for 2 0 m i n in o rder to reveal the fission tracks. 
The fission t racks were scanned using an opt ica l research microscope w i t h a magn i f i ca t i on of 
400 X , A typical d i s t r i b u t i o n o f t racks w i t h clusters o f t racks ( in the f o r m o fsunburs t> in a b a c k g r o u n d 
of un i fo rm trac!; densi ty was observed. The areas of u n i f o r m and n o n - u n i f o r m t ra i ;ks were mapped 
out separately. In the case of c lustc is /suf ' bursts the t rack densi ty was c i i lc i i ia tod by measur ing the 
actual area occupied by each c luster /sun burst . F r o m the t rack densit ies the u r a n i u m concen t ra t ions 
were calculated separately for u n i f o r m and n o n - u n i f o r m d i s t r i bu t i ons using the equa t ion ( A / a m 
and Prasad, 1989), 
linhanccmcnt t)f iracc urunium in lly ash OCX) 
u lu ; rc t l ic subscr ipl> x and s stand lor u n k n o w n and s tandard respect ively; U is the u r a n i u m 
c o n c e n t r a t i o n ; 7" is t h e f ission t r a c k densi ty and I is the iso top ic abundance ra t io of U a n d 
• ' " U I he last term of the c q u a i i o n ( / J / , ) was taken as un i t y , assuming the isolojMc abundance 
r . i t io la be the same for u n k n o w n and s tandard samples (Senft ic ct al.. 1957). A n y - ^' r i i in the 
samples con t r ibu tes very l i t t le to the to ta l damage f r o m (n, f) react ions due to the very l ow cross 
sect ion for thermal neut rons ( < 2 . 5 / ( b ) as compa red to 580 b f ir 
.1. R E S U L T S A N D D I S C U S S I O N 
Concen t ra t i ons o f u r a n i u m in samples of f ly ash, slag and coa l arc g iven in Tab le 1. Since the 
d i s t r i b u t i o n o f u r a n i u m was found to be un-cven, u n i f o r m and n o n - u n i f o r m d i s t r i bu t i ons are given 
separately. Uneven d i s t r i bu t i ons of trace elements are very c o m m o n in rocks. The average values 
are depicted in Tab le 2. The average u r a n i u m concen t ra t i on was found to be 29.1 p p m in fly ash. 
T.ibJtf 1. levels of urunium in fly ash. slag and coal 
Sample and source 
Uranium conccnlration (ppnil 
Uniform Non-uniform distribution Ar, mean + SD disinbuiion Ar, mean + SD 
(a) 9.6 8,7+08 48,2 49.6 + 7,4 (b) 8.7 5I.J (el 9 J 4.V2 i.d) 41,1 (el 8.9 50,0 (f) 6,9 39,6 (g) 9 2 51,3 (h) 7.8 53 2 (i| 8 8 43.1 (J) 9.4 60.1 (k| 9,5 64,5 
ijl ^ 4 8hi 1,1 48,2 4] « • .: 5 ibi 7,4 44,2 S 9 42,1 9,S 40 3 \ci 9,4 34,4 
(a) 7,9 8,8 i 0.6 40,4 4\ .. : 8.1 48,4 (CI 9 2 399 |J| 9 42,0 (el 8,9 48.1 
lal 12 8.2+0.6 53.5 519.71 (hi 8 4 52.4 (c| 9.1 41,7 (d| 7,8 63,7 (c| 8 5 48,1 
(a| 8(1 7 9 t 1 1 43.5 42 2 • 4 ^  (bl 84 38.5 (CI 9.7 42.0 (dl 6.4 35.1 (e) 7,1 48,0 (fl 7,0 40,1 (gl 8,8 48,1 
(al 90 8 .1 ± 0,9 60.1 .:54 . 7 S (al 7.1 40,1 (CI 7.9 42,2 !d) 9,.> 39.! 
(al : 1 I? ±0,5 35,2 56 0 • ( .t (W .1 1 28.1 (cl 1 S 44 8 
l.il 17 ,05 .^0 1 27 ,4 • i (hi :o 2.VI (Cl - 29 1 
Flv ash 1 Kasimpur. Unil-A 
- KasitTipiJt, I ni i -H 
Kasmipur. V nit-C 
•i P.irichha. jtiansi 
Sla^  
K.I! iinpur 
- Panchha. JhJ^ l^ 
(. p.il 
t K.,Minpin 
I'.irliichh.i. Jh.in^i 
(XX) J Jojo fl al. 
Tabic 2. Average conceniration af uranium 
.vjmplc Number of samples 
Average uranium conceairation tppm) 
Uniform Non.uniform Average 
Th ash 26 8.6 + 08 49.4 t 7,4 29.0 SI.,!: II 8 1 + 1.0 J 5.x Coal 06 l.5±05 .117 i6,,S 17.1 
25.7 ppm in slag and 17,1 ppm in coal. The overal l values arc higher than the repor ted values for 
fly ash samples f rom the Appa lch ian Moun ta i ns , U tah , A labama, Japan (Eisenbud and Pct row, 
19(i4|. Spam (Alvarez and Ga rzon , 1989), N o r w a y (Stranden, 1983), F in land (Mus tonen and 
Jantunen. 1985) and Greece (Mara/ . io t is , 1985; Papastefanous and Chara lambous , 1980). However , 
ihc^e are comparabi ' - w i th other values f r om U.S.A. ( M c B r i d e et al., 1978). 
F'rom the results obtamed, it is observed that the enhancement of u ran ium concent ra t ion m tly 
ash and slag is s igni f icant ly di f ferent in un i f o rm and n o n - u n i f o r m d is t r ibu t ions. It is more than 
3 times in un i f o rm concentrat ions but on ly 1.5 times in n o n - u n i f o r m concentrat ions. N o n - u n i f o r m 
concentrat ions in th>.' fo rm of sunbursts/clusters on the detectors may be due to more u ran ium 
atoms associated w i t h the grains o f coal. The ra t io of enhancement of u r a n i u m in fly ash and slag 
is considerably less in the case o f n o n - u n i f o r m d is t r ibut ions as compared to u n i f o r m d is t r ibut ions. 
Th is impl ies that the c rowded u r a n i u m atoms, responsible for n o n - u n i f o r m d is t r ibu t ions , may be 
associated w i t h non-combust ib le mater ia ls in the coal. Enhancement o f some trace elements has 
been explained by Natu.<;ch el al. using a vo la t i l i za t ion-condensat ion mechanism (Natusch ci ai, 
197-t) U r a n i u m is found to exist in coal as the silicate minera l (colfmite) and Uran in i t e ( U O j ) . 
D u r i n g combus t ion the ref ractory cof f in i te remains in fly ash whi le u ran in i te is vapour ized and 
later condensed on fly ash when the flue gases cool. 
A number of compar isons o f rad ioact ive emissions f rom coal- f i red power p lants and nuclear 
power plants have been made (Pal i t et al., 1991a, b; Joworowsk i and Grzybowska , 1974 ' ;JCniznikov 
and Barkhudov , 1977; M c B r i d e et al., 1978). The impact on health f rom coai der ived radionucl ides 
wiU depend on a number of var iables; i nc lud ing the act iv i ty conccn l ra l i ons of rad ionuc l ides in ihe 
combusted coal. The fly ash con t ro l measures adopted are also of imporance as smal ler escaping 
fly ash part iclcs may be considerably enriched wi th some decay-series elements ( M a t h e w and 
Beretka, 19S4). 
Acknin\le,lij,'ine»!.\ Kinanci.il as.sisl.inct; in the form of a Research Project from ihc Minislry of F.nvironmcru. (To vcrn;i)ciii 
of India craicfulls iic i^unv Icdgcd. 
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